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1.  INTRODUCTION 

Inherent   advantages  ar is ing  f rom a common bus f o r   t r a n s f e r   o f  

data  between systems h a s   l e d   t o   t h e i r   i n c r e a s e d  use on aerospace 

v e h i c l e s ,   I n   a d d i t i o n   t o   p r o b a b l e  physical r e d u c t i o n s   i n   w e i g h t ,  

volume,  and  power, a d a t a  bus o f f e r s   p o t e n t i a l   a d v a n t a g e s   t h a t  

i n c l u d e   f l e x i b i l i t y   t o   a d d i t i o n s   o r   m o d i f i c a t i o n s   o f   v e h i c l e  

systems, s tandardized systems i n t e r f a c e s ,  and  improved r e l i a b i l i t y  

a r i s ing   f rom fewer in te rconnec t ing  wires. The l a t t e r   q u a l i t i e s  

were t e rmed   ' po ten t i a l '   s i nce   t hey   a r e   cons t r a ined  by t h e  

c a p a b i l i t y   d e s i g n e d   i n t o   t h e   d a t a   b u s .   I n   t h i s   s e n s e ,  it i s  a 

fo r tuna te   c i r cums tance   t ha t   t he  SSV i s  p r e s e n t l y   i n  a conceptual 

s t a t e  and n o t  well defined.  Concurrent  conception and development 

o f   t he  SSV d a t a  bus prec ludes   t he   poss ib i l i t y   o f  a tailor-made 

d a t a   b u s   t i e d   t o  a r i g i d   s y s t e m   s t r u c t u r e .   I n s t e a d ,   t h e   d a t a  

bus c a p a b i l i t y  must  be  based on general   requirements ,  a genera l  

knowledge  of spacecraf t   systems,  and t h e   t y p e s  of s igna l   da t a  

l i k e l y   t o  be t r a n s f e r r e d .  Such a b a s i s  will resul t  i n  a 

responsive and f l e x i b l e   d a t a  bus system. 

General   requirements   of   the  SSV data  bus were s t a t e d  by t h e  Space 

Shut t le   Vehic le   (SSV)/Elec t ronics   In tegra t ion  Task Team 
i n   t h e  form of  ground rules, cons t ra in ts ,   and   gu ide l ines  (Ref, 1 ). 
R e q u i r e m e n t s   r e l e v a n t   t o t h e   d a t a  bus a s   e x t r a c t e d   f r o m   t h e  

r e f e r e n c e   c o n s i s t   o f :  

0 "Commands f o r   o p e r a t i o n   o f   t h e   s p a c e c r a f t  system s h a l l  be 

executed by a redundant  time-shared  data  bus system. ... 



- . . . ." _._ . . ._ . _" __ - . __. _ _  "" "" .. " .. . . . . ". . ". . . - " . . . .. 

"Systems will u t i l i z e ,  where poss ib le ,   au tomat ic   in - f l igh t  

i s o l a t i o n  and system saf ing  with  manual   overr ide.  ... 11 

"Bu i l t - i n   s t a tus   and  tes t  c a p a b i l i t y  will a p p l y   t o  GSE a s  well 

as   spacecraf t   subsys tems."  

"The prime mode of  sequencing  and  configuration moding s h a l l  

be   au tomat i c ,   bu t   capab i l i t y   sha l l  be provided f o r  over r ide  

by t h e   f l i g h t  crew." 

"S tanda rd ized   e l ec t ron ic   i n t e r f ace   sys t ems   sha l l  be developed 

t h a t   i n t e r f a c e   w i t h  a s tandardized  redundant   mult iplex  data  

bus system." 

"Elec t ronic  systems should  be  designed t o   f a i l   o p e r a t i o n a l  

a f t e r   f a i l u r e   o f   t h e  two  most c r i t i c a l  components  and t o  

f a i l   s a f e   a f t e r   t h e   t h i r d   f a i l u r e . "  

"Subsys tem  per formance   evaula t ion   sha l l   u t i l i ze   opera t iona l  

s t imuli   whenever   possible .  ... 

In   essence ,   these   genera l   requi rements   can  be summarized f o r  t h e  

da ta   bus   as   fo l lows:  

1. A redundant,   t ime-shared  data bus system s h a l l   b e   u s e d   f o r  

t r a n s f e r  o f  a l l  SSV system data ,  

2. A s t anda rd   e l ec t ron ic   a s sembly   sha l l   i n t e r f ace   be tween   t he  

data   bus and a l l  users. 

3. The d a t a  bus and s tandard  e lectronic   assembly  shal l   have  the 

f o l l o w i n g   i n f l i g h t   c a p a b i l i t y :  

a .   s e l f - t e s t i n g   w i t h   o p e r a t i o n a l   s t i m u l i  

b. g e n e r a t e   o p e r a t i o n a l   s t a t u s   s i g n a l s  
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c. automatic  failure  isolation and. system  safing by 
re-configuration  subject  to  crew  override 

d. a fail operational-fail  operational-fail  safe  performance. 

The  extensive  requirements  for  status  monitoring and fault 
detection,  isolation, and re-configuration  applies  to all systems. 
Hence,  the  data  bus  must  accommodate  the  large  quantity  of  data 
characteristic  of  these  housekeeping  functions  as well as  the 
basic  functional  mode,  command,  and  measurement  data.  Specific 
data  requirements  involves  consideration  of  many  complex  and 
dependent  factors  pertinent  to  the  operational  and  functional 
elements  of  each SSV system.  The  reported  study  pertains to the 
conception  of a GN & C System  data bus; an integral  part  of  the 
SSV data  bus  system. 

A conceptual  study  of a suitable  data bus is a complex  task,  The 
data  bus  will  be an application  of  existing  communciation  techniques 
and can be  treated  solely  as a communication  problem.  This  approach 
would  probably  impose  constraints  on  or  perhaps  compromise  the  GN & C 

System  capability.  The  implicit  requirement  for a data bus that 
is subordinate  to  and  compatible  with  the  GN & C System  suggests 
an  alternate  approach.  The  approach  would  isolate and separately 
consider  those  factors  dependent  on  the  GN & C System  from  those 
factors  dependent  on  data  bus  operation.  The  purpose  of  the  data 
bus is  to  provide a vehicle  for  transfer  of  specific  data  at 
particular  rates  during  certain  mission  operations.  Thus,  the 
data,  data  rates,  and  flexibility  are  dictated  by  the GN & C System. 
The  technique  used to transfer  the  data  is a communication  problem, 
where  the  desire for  reliable and  error free data  transfer will be 
compromised  by  hardware  requirements  and  the  operating  environment. 

3 
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The r epor t   has   been  organized for   de ta i led   t rea tment ,   o f   these  

s e p a r a t e   f a c t o r s ,   t h e i r  combined e f f e c t ,  and a compatible 

so lu t ion .  The o b j e c t i v e s   o f   t h i s   r e p o r t  were: 

I n v e s t i g a t e  GN & C System  data  requirements 

Determine  required  communicat ion  shzracter is t ics   of   the  

data  bus.  
Evaluate  communi.cation techniques  compat ible   with  the 

GN & C System  requirements 

Recommend a da ta   bus   mechaniza t ion   for   the  GN & C System. 

Sect ion 2 repor t s   the   da ta   requi rements   which   def ine  a base l ine  

system. The in-ves t iga t ion   cons iders   fac tors  depen3en-i; on  t,he 

GN & C System such  as:   mission  phases,  system funct ions,   probable  

sys tem  mount ing   loca t ions   on   the   vehic le ,   an   opera t ions1   ph i lo-  

sophy,   c lasses  of da t a ,   e s t ima tes   o f  word s i z e ,   t h e   q u a n t i t y   o f  

da ta  and d a t a   r a t e s .  The e s t i m a t e s   a r e  compared wi th   s igna l  l i s ts  

p r e p a r e d   f o r   t h e  Apollo/LM spacecraf t .  

Sect ion 3 cons ide r s   t he   da t a  manzgement, i n t e r f a c e  between GN & C 

System un i t s   an3   t he   da t a   bus ,   Th i s   phase  of  the  s tudy  considered 

t h e   b a s e l i n e  system, t h e   c o n t r o l  and f low  of   da ta ,   address  

s t r u c t u r e s  and the i r   e f f i c i ency ,   da t a   f r ame   fo rma t ,  and s p e c i a l  

da t a   con t , ro l   s ignds .  

Sect ion .4. evalua tes   the   capabi l i ty   o f   var ious   comun5-ca t ion   tech-  

n iques   t o   p rov ide   an   accep tab le   e r ro r   r a t e .  The accep tab le   e r ro r  

r a t e  is  computed f r o m   s t a t e d   c r i t e r i a .  The  performan,:e expected 

of d i f f e r e n t ,   s i g n d l i n g  anI3. e r r o r   c o n t r o l   t e c h n i q u e s  on  Gaussian 

an3 mise  burs t   channels  i s  p resen ted .   Ca r r i e r  systems and baseband 
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systems a r e   d i s c u s s e d   r e l a t i v e   t o   t h e  EM environment t o   q u a l i f y  

the   s e l ec t ed   t echn ique ,  A method  of  multiplexing  the  data  and 

a u x i l i a r y  signals is proposed. 

Sect ion 5 summarizes t h e   p r i n a i p a l   s t u d y   r e s u l t s .   S p e c i f i c  

recommendations of   p re fe r r ed   da t a  bus techniques an3 requirements 

are  enumerated. A standard  data  bus in te r face   assembly   cons is ten t ,  
with  the  recommendations i s  p r e s e n t e d .   I s s u e s   t h a t  were n o t  

s a t i s f a c t o r i l y   r e s o l v e d   o r   a d d r e s s e d   i n   t h i s   s t u d y   t h a t   r e q u i r e  

f u t u r e   a t t e n t i o n   a r e  indicated. 
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2. GN & C SYSTFN  DATA REQUIREMENTS 

T h i s   s e c t i o n  w i l l  be conce rned   w i th   i den t i f i ca t ion  and d iscuss ion  

o f   t h o s e   f a c t o r s   d i c t a t e d  by t h e  GN & C System and i t s  opera t ions  

that   have  impact  on a da t a   bus .   These   f ac to r s   gene ra l ly   r e l a t e  

t o   da t a   vo lumes  and d a t a   r a t e s   s i n c e   t h e   d a t a  bus serves   on ly  

a s  a veh ic l e   fo r   t he   t r ans fe r   o f   da t a .   The   conce rn  w i l l  focus  

on t h e   d i v e r s e  and v a r i a b l e   n a t u r e   o f   t h e   d a t a  and i t s  t r a n s -  

mis s ion   r a t e   w i th   r e spec t   t o   mi s s ion   and  system operat ions.  

The ob jec t ive   o f   t h i s   conce rn  w i l l  be t o   o r g a n i z e   t h e  GN & C data  

t o   f a c i l i t a t e  i t s  management and t r a n s f e r   i n   a n   e f f i c i e n t  

and p r a c t i c a l  manner  by a d a t a  bus system. 

2.1 GN &C System  Functions 

The SSV avionics   performs a v a r i e t y   o f   f u n c t i o n s   d u r i n g   o r b i t a l  

o r  atmospheric  operations.  The scope  of   the SSV mission  and 

subsequent   complexi ty   of   the   avionics   required  to   perform 

the   mi s s ion   has   mo t iva t ed   i n t e re s t   i n   an   i n t eg ra t ed   av ion ic s  

system. A s u b s t a n t i a l  move t o   i n t e g r a t e d   a v i o n i c s   c a n  be 

rea l ized   th rough  use   o f  a common da ta   bus   t o   s e rv i ce   each  

system u n i t ,  A published  funct ional   diagram  of  a candidate  

i n t e g r a t e d  system i s  p resen ted   i n   F igu re  1, (Ref. 2) The 

key   e lements   in   the   p roposed   sys tem  a re   the  two cent ra l   computers  

t i t l ed   w i th   t he i r   p r imary   p rog ram  func t ions ,  The computers  are 

primary users of t he   da t a   bus  by v i r t u e   o f   t h e i r   s u b s t a n t i a l  

r o l e   i n   a l l   f a c e t s   o f  system opera t ion .   In   fac t ,   da ta   requi rements  

of   the  GN & C sys tem  have   resu l ted   in   cons idera t ion  of a computer 

6 
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Figure 1.- Candidate SSV avionics  system ( R e f .  2 ) .  
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or at  least  a data  processor  dedicated to  this purpose. A dedicated 
GN & C computer  or  data  processor  allows  treatment  of  its  data 
bus as a separate  entity. A data  bus  developed for dedicated 
service  to  the GN & C  system  would  have  sufficient  flexibility 
to  accommodate  either a centralized  or a dedicated  computer 
system  with  modifications  limited  to  data bus capacity  and 
address  structures.  Consequently,  the  remainder  of  this 
report  will  assume a dedicated  data  bus for the GN & C  system. 

A GN & C  system  performs a number  of  functional  operations 
categorized  as  combinations  of  sensing,  computation,  and  control. 
'Sensing' refers  to  measurements  of  actual  vehicle  state  from 
phenomena  which  are  independent  of  the  computation  and  control 
functions.  'Computation' refers  to  processing  sensed  vehicle 
state  with  respect  to a reference  state  to  determine  required 
changes  in  vehicle  state.  The  'control'  function  effects  required 
changes  in  vehicle  state  by  generating  actuator  state  commands 
for  appropriate  actuators in accord  with  their  actual  states. 
These  functions  are  illustrated  in  Figure 2. The  sensors  and 
actuators  employed  are  dependent  on  primary  flight  variables  and 
critical  parameters  encountered in the  mission  subject  to 
technological  constraints  in  measuring  or  effecting  control  of 
these  quantities. 

A reasonable  complement  of  sensors for the SSV mission is illustrated 
in  Figure 3 .  The  basic  functions  of  each  system  are  obvious and 
will  not  be  discussed.  Topics  of  interest  to the data  bus  are 
the  system  operational  modes,  the  number  of  individual  units  that 
comprise  each  system, and the  number  and  types  of  signals for 
each  unit. 

8 
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2.2 

Table 1 l i s ts  system opera t ion  by mission  phase. In  terms of 

a c t i v e  systems, t h e   e n t r y  and t r a n s i t i o n   p h a s e  w i l l  r e q u i r e   t h e  

l a r g e s t  nurnber of  'on-line'  systems. Otherwise,   the   'on- l ine '  

systems w i l l  b e   a b o u t   h a l f   t h e   t o t a l  and c h a r a c t e r i s t i c   o f   e i t h e r  

o r b i t a l  o r  a tmoshperic   f l ight ,   Cont inuous  operat ion  of   the 

i n e r t i a l  system, computer,  and f l i g h t   c o n t r o l s  will be requi red .  

The t a b l e   a l s o   i n d i c a t e s  a near   balance i n  t h e   t o t a l  number o f   ac t ive  

sensor  systems i n   r e l a t i o n   t o   a c t u a t o r  systems. 

%stem Location on t h e  SSV 

Although  each system has  a unique  funct ion,  it could   cons is t  of 

i n d i v i d u a l  and s e p a r a t e   u n i t s   d u e   t o  i t s  f u n c t i o n  o r  t h e  use of 

redundant systems. A l i k e l y   l o c a t i o n   o f   t h e s e  system u n i t s  

was infer red   f rom  repor ted   s tud ies .   (Ref .  3 and 4 )  Figure  4 
i n d i c a t e s   t h e   p h y s i c a l - l o c a t i o n   o f  system u n i t s  on t h e  MSC o r b i t e r  

v e h i c l e ,  The e x c l u s i v e   l o c a t i o n   o f   s e n s o r   u n i t s   i n   t h e   n o s e   p o r t i o n  

of t h e   v e h i c l e  i s  noted   whereas   ac tua tor   un i t s  will be i n   t h e   n o s e ,  

c e n t r a l ,  and ta i l   reg ions .   Recogni t ion   o f   these   loca t ions   coupled  

wi th   t he   bas i c  GN & C f u n c t i o n s   r e s u l t e d   i n   p r o p o s e d  use of a 

dua l   redundant   da ta  bus: a sensor-computer  data bus, and 

an   ac tua tor  - computer  data bus. (Ref. 5) Although  the 

re ferenced   dua l   da ta  bus of fe r s   ce r t a in   advan tages ,  it w i l l  n o t  

be c o n s i d e r e d   f u r t h e r   i n   t h i s   r e p o r t .  

F igure  4 l i s t s  45 separa te   sys tem  uni t s ;  8 senso r   un i t s ,  1 computer 

u n i t ,  and 36 a c t u a t o r   u n i t s .  A minimum amount of   cabl ing would 

be r e a l i z e d  by r o u t i n g   t h e   d a t a  bus t o   e a c h  o f   t h e s e   u n i t s  and 

t r e a t i n g   e a c h   a s   i n d i v i d u a l l y   a d d r e s s a b l e   u n i t s .  An a l t e r n a t i v e  

11 



WILE I.- SYSTEN OPERATION BY MISSION PHASE 
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Sensor Leaeni! 

1 -Optical System 
1 -Horizon Sensor 
1 -Rendezvous Radar 

@ 3-Landing  Gear Assemblies 

A I-Data Processor 

Figure 4.- Candidate  location of GN & C system units  on MSC orbiter vehicle. 



would  be  to  group  units  of  the  same  system  by  their  physical 
location  with  each group treated  as  an  individually  addressable 
station. This alternative  is  illustrated in  Figure 5 and  would 
require  only 20 addressable  stations: 7 sensor units and 
13 actuator  units.  The  reduction of addressable  units 
was  realized  by  the  grouping  of  reaction  control  thrusters,  aero- 
dynamic  surfaces, and rocket  engines  as  shown.  The  alternative 
reduces  the  number of interface - local  processor  assemblies 
required  at  the  expense  of  routing  short  cable  assemblies  from 
the  common  local  processor  to  each  unit  operating  fromthe  station, 
The  net  reduction  in  active  components  realized  by  the  unit 
stations  is  desirable  and will be  assumed in the  remainder  of  this 
report. 

The  number and types  of  signals f o r  each  station  are  difficult 
to  establish  with  precision  due  to  the  dependence  on  and 
subsequent  assumptions  regarding a variety of system  considerations, 
The  remainder  of  this  section  is  devoted  to  this  subject. 

2.3 Operational  Data 

Although the  reasons  for  employing a particular  system is beyond 
the  scope  of  this  report,  the  system  operating  signals  are of 
prime  importance.  These  operational  signals  convey  either 
functional  data or housekeeping  data.  Characteristics of these 
data  are  dependent  on the specific  system  techniques  and  hardware 
employed.  With  these  systems  in a conceptual  state,  the  characteristics 
must  be  estimated.  Reasonable  estimates  can  be  obtained  by 
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Sensor  Station Leaend 

1 -Optical 
1 -Horizon  Sensor 
1 -Rendezvous Radar 

1 -Navigation Radar 
1 -Air Data 
1 -Approach/Landing Aid 

Actuator  Station Lepend\ I / 
@ I-Flight  Control 
Q) 4-~eact ion  Control  
Q) 1 -Rocket Propulsion 

1 -Docking Gear 
1 -Jet Engine 
3-Aerodynamic Control 
2-Landing Gear 

A Data Processor (Not addressable) 

Figure 5.- Addressable  unit  stations. 



extrapolating  system  data  obtained from Apollo hardware 
manuals  and  the  general  literature to fit the  needs  of  the SSV. 

Certain  system  development  options  presently  being stdied 
elsewhere  will  be  briefly  discussed to form a basis  for  the 
data  estimates. 

The SSV will  undoubtedly  employ  the  techniques  and  an  updated 
generation  of  hardware  which  proved  successful in the  Apollo 
program. Items  of  particular  significance  to  the  data bus were 
the  reliable  "fly-by-wire"  operation and the  extensive  computer 
activity in  fault  detection,  system  safing,  and  display  computations. 
The SSV requirements  in  Reference 1 express  an  increasing volurne 
of  computer  activity for fault  detection,  isolation,  and  recon- 
figuration.  These  auxiliary  computer  activities  have  considerable 
impact  on  the  data  bus  as  discussed  below. 

A typical  system  unit  reqgires  perhaps  from 8 to 16 basic  functional 
signals: 5 to Ir) m d e  control  signals  and 3 to 6 input  and/or 
output  signals.  These  signals  characterize  the  composite  output 
or  action  of  many  components  as  well  as  the  measurable o r  

controllable  quantities.  The  purpose  of  Yault  activities is to 
maintain  confidence  in  operational  integrity,  to  prevent  unsafe 
conditions  from  occuring  or  at  least  persisting,  and  to  provide 
information  for  fault  circumvention. 

Fault  activities  are  usually  discussed  in  terms  of  detection,  iso- 
lation,  and  correction.  Fault  correction, as used  here,  signifies 
disabling  of  the  failed  component  and  enabling  redundant  components 
to  maintain  the  initial  capability.  These  activities  require 
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descriptive  information  on  components,  compcnent  assemblies, 
sub-assemblies,  units,  and  systems.  The  permutations  of  faults 
increases  rapidly  forcing a compromise in fault  tolerant 
capability. The  level  of  compromise  is  related  to  the  amount  of 
hardware  and  computer  capacity  allocated  to  this  function,  With 
computer  access  via a data bus, the  data  bus  capacity  represents 
an  ultimate  limit on the  rate  of  information  available  to  the 
computer or crew  for fault activities. The  limit  can  be  increased 
by  processing  fault  signals  within  each  system and communicating 
only  the  procassed  results  over  the  data  bus.  (The  processed 
results  possess  more  information  content  than  the llrawll un- 
processed  data  which  increases  the  "symboll'  information  rate,  ac- 
cording  to  information  theory.)  The  central  processor  would 
evaluate  this  information  weighed  by  similar  information f r o a  

other  on-line  systems  to  maintain  an  overview  of  vehicle 
operation, 

The  existence  of a processor  within  each  system  may  be  necessary 
for reasons  other  than  the  data  bus.  These  "local  processors" 
may  in  fact  be  small  digital  computers  in  the  complex  optical  and 
inertial  systems  and  perhaps  the  jet  engines, In addition 
to  the  operational  and  technical  advantages of local processors, 
contractural  i.nterfaces  are  explicitly  defined  since  the  systems 
contractor  must  solve  the  unique  computational  needs  of  that 
system,  The  existence of local  processors  substantially  reduces 
expected  interface  data  between  the  systems and 
central  computer,  particularly  for  fault  activities. 
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If loca l   p rocesso r s   deve lop   i n to   sma l l   s ca l e   d ig i t a l   compute r s ,  

t h e   n e e d   c o u l d   a r i s e   f o r   t r a n s f e r   o f   a n   e r a s a b l e  memory. Since 

t h e s e   d a t a  would be   i n f r equen t ly  communicated, t h e   a d d i t i o n a l  

demands  on the   da t a   bus  would  be r e a d i l y  accommodated, 

With t h i s  background,   the  operat ional   data  w i l l  be  estimated 

r e l a t i v e   t o   t h e   t y p i c a l   s t a t i o n   s t r u c t u r e   i l l u s t r a t e d  in'  Figure 6. 
The bas i c   e l emen t s   o f   t he   s t ruc tu re   cons i s t  of 1 ) a standar,d 

i n t e r f a c e ,  2 )  bu f fe r   s to rage ,  3 )  a loca l   p rocesso r ,  and 4 )  t h e  

b a s i c  system o r   u n i t  components.  Note t h a t   n e i t h e r   u n i t   g r o u p i n g  

or  redundant  components  are shown. The data   bus and s tandard  in-  

t e r f a c e  serve a s  a v e h i c l e   f o r   t h e   t r a n s f e r  of a l l   s i g n a l s   i n t o  

and out  of a u n i t .  The bu f fe r   s to rage  serves as   temporary 

s t o r a g e   o f   t h e s e   s i g n a l s   t o   a v o i d   s y n c h r o n o u s   u n i t   o p e r a t i o n  

and provide  data  on demand w i t h o u t   l o c a l   i n t e r r u p t s .  The 

l o c a l   p r o c e s s o r   i n t e r f a c e s   a l l   s i g n a l s   a s   r e q u i r e d  and serves 

a s  a l o c a l   a u t h o r i t y  on un i t   ope ra t ion .  The un i t   s imp ly  

e x e c u t e s   t h e  commands i s s u e d  by the   loca l   p rocessor .   These  

commands i n c l u d e   f a i l u r e   i s o l a t i o n  and c o r r e c t i o n  by  power 

swi tch ing .   Addi t iona l   d i scuss ion   of   o ther   de ta i l s  on Figure 6 
i s  d e f e r r e d   u n t i l   l a t e r .  The i n t e r e s t   h e r e  i s  the   o rgan iza t ion  

of a l l   p o s s i b l e   d a t a   i n t o   d e s c r i p t i v e   c l a s s e s   f o r   e f f i c i e n t  

d a t a  management and t r a n s f e r .  The organiza t ion  w i l l  a l s o  

f a c i l i t a t e   e s t i m a t e s   o f  system d a t a   r a t e s  and p rov ide   i n s igh t  

on t h e   d i s t r i b u t i o n  and usage   of   da ta   c lasses .  
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2.4 Classes  of  System  Data 

The  primary  motivation  for  organizing  system  data  into  classes 
can be  attributed  to  the  advantages  in  data  management  and 
transfer.  Various  classes  of  data  inherently  exist  within 
the GN & C System.  Identification  of  unique  classes  provides 
the  means for resolving  such  areas  of  concern  ap  data  bus 
compatibility,  flexibility,  and  efficiency. In addition,  the 
classification  standardizes  the  data  peculiar  to  any o r  all 
systems  with  minimal  address  requirements interml to a 
station  as  demonstrated  in  Section 3. These  desirable  attri- 
butes  are  clearly  dependent  on  the  choice  of  signal  classes. 
The  choice  must  reflect  data  rates  since  data  bus  capacity 
represents a basic and ultimate  limit, 

The  operational  data  was  previously  discussed  in  terms  of 
functional  data and housekeeping  data.  Consideration  reveals 
the  functional  class  to be of low  to  moderate  data  volume  and  high 
data rates  while  the  housekeeping  data  will  be of  moderate  to  high 
volume  and  require  relatively low data rates,  These  class 
distinctions  are  characteristic  of a system  but  do  not  differen- 
tiate  between  the  inherent  needs  of  different  systems.  The 
needs  of  each  system  will  be  emphasized  by  division  of  the 
functional data into  mode,  input,  and  output  classifications 
along  with  division  of  the  housekeeping  data  into  status, 
fault, and  load  classifications.  These  classes  are  defined 
as  follows: 

MODE: Digital  words  composed  of  discretes  that I )  commands  or 

designates  the  mode  of  system  operation, 2) flags 
output  signal  data, 3) flags  internal  faults, and 
4 )  controls unit power. 
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INPUT : 

OUTPUT : 

ST ATUS : 

FAULT : 

LO AD : 

These  data 

B a s i c   f u n c t i o n a l   d i g i t a l   d a t a   r e q u i r e d  by t h e   u n i t  

o r  system t h a t   o r i g i n a t e s   e l s e w h e r e .  

B a s i c   f u n c t i o n a l   d i g i t a l   d a t a   o r i g i n a t e d   w i t h i n   t h e  

u n i t   o r  system t h a t  i s  required  elsewhere.  

Normal ope ra t iona l   housekeep ing   d ig i t a l   da t a  

o r i g i n a t e d   w i t h i n   t h e   u n i t  o r  system f o r   d i s p l a y  

elsewhere. 

F a i l u r e   d a t a   o r i g i n a t i n g   w i t h i n  a u n i t  or system t h a t  

i n d i c a t e s  1 ) t h e   i s o l a t e d   a r e a ,  2) the   suspec ted  

component,  and 3) t h e   i n t e r n a l   c o r r e c t i v e   a c t i o n  

for  crew  and/or  computer  evaluation o r  over r ide .  

Erasable  memory c o n s t a n t s   f o r   t h e   l o c a l   p r o c e s s o r  

t h a t   o r i g i n a t e s  by  crew input ,   cen t ra l   computer  

memory, o r  u p l i n k   d a t a .  

c l a s s e s   a r e   i n c l u s i v e  of a l l   p o s s i b l e   s y s t e m   d a t a ,  

r e l a t e   d i r e c t l y   t o  system d a t a   r a t e s ,  and  dis t inguish  between 

da ta   used   exc lus ive ly   wi th in   the  GN & C system f rom  tha t  

genera ted   wi th in   the  GN & C system f o r   e x t e r n a l   u s e .  The con- 

t e n t i o n   t h a t   t h e s e   c l a s s e s   p o s s e s s   t h e   d e s i r e d   q u a l i t i e s  will be 
supported by a d iscuss ion  of t h e i r  use. 

The MODE d a t a  will c o n s i s t  of a couple of d i g i t a l  words per  

s t a t i o n   a t  mos t .   These   da ta   p rovide   cen t ra l   cont ro l  of v e h i c l e  

conf igura t ion ,  go/no-go type  information on the   ope ra t ion  and 

i n t e g r i t y   o f   t h e   u n i t   o r  system, and t h e   c a p a b i l i t y   f o r   e x t e r n a l  

c r e w   a i d e d   f a u l t   i s o l a t i o n  and c o r r e c t i o n .  The low  volume, 

h igh   i n fo rma t ion   con ten t   o f   t h i s   da t a   p rov ides   r ap id   a l e r t s   t o  

the   cen t ra l   computer  of changes i n  system or  u n i t   s t a t u s .  
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The d i s t i n c t i o n  between INPUT and OUTPUT da ta   p rov ides   fo r  

i ndependen t   t r ans fe r   o f   t hese   da t a   t o  accommodate d i f f e r e n t  

systems. For example,  sensor systems gene ra l ly   r equ i r e   des ig -  

nated INPUT d a t a   o n l y   f o r   i n i t i a l i z i n g   c o n d i t i o n s  and provide 

measured OUTPUT d a t a   t h e r e a f t e r .   I n   c o n t r a s t ,   a n   a c t u a t o r  

system r e c e i v e s  INPUT commands and f eedsback   cu r ren t   ac tua to r  

s t a t e s   v i a  OUTPUT data   for   the   next   computa t ion   cyc le .  The 

MODE, INPUT, and OUTPUT data  comprise a l l   f u n c t i o n a l   d a t a  

r e q u i r e d   f o r   r o c t i n e  system operat ion.  

The STATUS i n f o r m a t i o n   p e r t a i n s   t o   r o u t i n e   o p e r a t i o n  but need 

be   t ransfer red   on ly  when a use fu l   change   i n   da t a   has  

occurred. The central   computer  will be  informed of t h i s   e v e n t  

by t h e   s t a t u s   s i g n a l   f l a g   d i s c r e t e s   i n   t h e  MODE da ta .  Upon re- 

cep t ion   o f   t he   s t a tus   f l ag ,   t he   cen t r a l   compute r   can   ca l l   t he  

STATUS data  immediately or ass ign   t he   even t   ( and   un i t )  a 

p r i o r i t y   f o r   l a t e r   c a l l   d e p e n d e n t  on o ther   computer   ac t iv i ty .  

T h i s   f e a t u r e   a c t s   a s  a l oca l   ed i to r   o f   t he   l ow  in fo rma t ion  

conten t ,  and   s lowly   vary ing   s igna ls   in   the  STATUS c l a s s i f i c a t i o n .  

The f e a t u r e  s t i l l  a l lows   rou t ine   schedul ing  and t r a n s f e r  of 

these   da ta   upon  ca l l   f rom  the   cen t ra l   computer .  

The f a u l t   c o r r e c t i o n   f l a g   d i s c r e t e s   i n   t h e  MODE da t a   func t ion  

s i m i l a r   t o   t h e   s t a t u s   f l a g   d i s c r e t e s .  The f a u l t   f l a g   d i s c r e t e s  

i n fo rm  the   cen t r a l   compute r   o f   any   un i t   f au l t   a c t iv i ty  by 

assignment  of a p r i o r i t y   r e l a t e d   t o   t h e   f a u l t   c o n s e q u e n c e s .  

The f a u l t   f l a g   d i s c r e t e s  will be r e t a i n e d   i n   t h e  MODE d a t a  
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u n t i l   s p e c i f i c   c e n t r a l  computer reset  commands a r e  

rece ived .   In   the   in te r im  per iod ,   the   cen t ra l   computer  

r e l a y s   t h e   f a u l t   p r i o r i t y  and u n i t   a d d r e s s   t o   t h e  crew  display,  

a s s e s s e s   t h e   f a u l t   p r i o r i t y   i n   r e l a t i o n   t o   o t h e r   a c t i v i t y ,  and 

e v e n t u a l l y   c a l l s  FAULT data   for   computer  and crew evalua t ion .  

If t h e   u n i t   f a u l t   c o r r e c t i o n   r e s o l v e d   t h e   d i f f i c u l t y   t o  

c rew  sa t i s f ac t ion ,   t he   co r rec t ive   ac t ion   and   a s soc ia t ed  

components a re   recorded  and t h e   f a i l u r e   f l a g   d i s c r e t e s   a r e  reset 

by crew  act ion.  If t h e   u n i t   c o r r e c t i o n  was inadequate ,   inef -  

f e c t i v e ,   o r   u n s a t i s f a c t o r y   t o   t h e  c rew,   ex t e rna l   f au l t   eva lua t ion  

and c o r r e c t i o n  w i l l  be  provided by t h e  power c o n t r o l   d i s c r e t e s  

i n   t h e  MODE da ta   wi th   resu l t s   o f   each   ac t ion   inherent ly   con-  

t a i n e d   i n   t h e  STATUS and FAULT da ta   ava i l ab le  on c a l l .  The 

crew a c t i v i t y   p e r s i s t s   u n t i l   t h e   p r o b l e m  i s  resolved and a 

f a u l t   f l a g  reset  command i s  received.  

The LOAD d a t a   a n t i c i p a t e s   t h e  need f o r   a n   e r a s a b l e  memory i n  

the   l oca l   p rocesso r   a s   p rev ious ly   d i scussed .  The da ta  w i l l  

be   i n f r equen t ly  communicated  and does  not  impose a problem t o  

t h e   d a t a  bus. 

The p reced ing   d i scuss ion   demons t r a t e s   u t i l i t y   o f   t he   s ix   c l a s ses  

of da ta  and l o c a l   s t a t u s  and f a i l u r e   e d i t i n g .  The n e t   e f f e c t  

of t h i s   o r g a n i z a t i o n  was t o   r e d u c e  time occupancy  of t h e  

d a t a  bus by  communicating d a t a  on t h e   b a s i s  of  need  as 

determined a t   t h e   c e n t r a l  and l o c a l   l e v e l s .  The ex is tence  of 

a time varying need a r i s i n g   f r o m   v e h i c l e   a c t i v i t y ,   v a r i o u s  com- 

b ina t ions   o f   func t iona l   da t a ,  random f a i l u r e s ,   e t c . ,  will be 

compat ib le   wi th   the   ou t l ined  system and d a t a  bus opera t ion .  

Fur ther   eva lua t ion  will be  presented  based  on  estimates  of  the 

d a t a  volume  and d a t a   r a t e s   o f   e a c h  system. 
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2.5 Es t imates  of System Data Rates 

Es t imates  of GN & C system d a t a  were obtained by consider ing 

t h e   b a s i c   f u n c t i o n a l   o p e r a t i o n ,   t h e   f u n c t i o n a l   d a t a   s i g n a l s ,  

and specula t ing  on t h e  number of s t a t u s   s i g n a l s   r e q u i r e d   f o r   e a c h  

system. Addit ional   data  were inc luded   for   those   sys tems  wi th  

s e p a r a t e   u n i t s ,   a s   p r e v i o u s l y   d i s c u s s e d .  The es t imates   der ived  

from t h i s   p r o c e d u r e   a r e   l i s t e d   I n   T a b l e  2. FAULT and LOAD 

d a t a  were not   inc luded   s ince   they  will be inf requent ly   comuni-  

cated and n o t   s i g n i f i c a n t l y   a f f e c t   t h e   d a t a   r a t e .  It should  be 

n o t e d   t h a t  two  words were inc luded   i n   each  INPUT and OUTPUT 

d a t a  for r e g i s t e r i n g  of a "time t o  go" and  an  "elapsed time!! 

wh-ich w i l l  be   discussed  in   paragraph 2.8. 

The p e r c e n t   o f   t h e   t o t a l  words represented  by t h e   e n t r y   f o r  

each  row  and column were included  for   comparison.  The 

volume of d n t a  i s  vir tual ly   balanced  between  sensors  and a c t u a t o r s  

for- a l l   e n t r i e s .  The STATUS da ta   en t r i e s   exceed   t he   func t iona l  

e n t r i e s   f o r   e a c h   s y s t e m .  The f u n c t i o n a l   d a t a   c o n s t i t u t e s  40% 
o f   t h e   t o t a l   d a t a .   E q u i v a l e n t   d a t a   f o r  Apollo/LM was determined 

t o  be 4.4% o f   t h e   t o t a l   a s   r e p o r t e d   i n  Appendix A. 

If FAULT and LOAD da ta  were inc luded ,   t he   func t iona l   da t a  would 

t o t a l  from 20 t o  30% of a l l   d a t a .   S i n c e   t h e  MODE data  

c o n s t i t u t e s   o n l y  7% o f   t h e   t o t a l   d a t a ,  it will pr0vid.e  an e f f i -  

c i e n t  means of  c e n t r a l   c o n t r o l  and awareness by reducing  data  

bus time  occupancy. 

The q u a n t i t y  of  da t a   r equ i r ed  f o r  each  mission  phase was ob- 

ta ined  through  combinat ion  of   the  es t imated  data  words per  system 



TABU I1 .- ESTIMATZD DATA WORDS FOR EACH SYSTEM 

SENSOR  SYSTEMS 

Optical  

Horizon  Sensor 

Rendezvous  Radar 

I n e r t i a l  

Navigation  Radar 

Air Data  System 

Approach/Landing 
Aids 

Total  

ACTU ATOR SYSTEMS 

Flight   Controls  

Reaction  Control 
Rocket 
Propulsion 

Docking  Gear 

Jet   Engines 

Aerodynamic 
Control  Surfaces 

Landing  Gear 

Total  

2N & C SYSTEM 

of Total  Words 

Mode Input  
Words Words 

8 
2 

14 

6 4 
6 

8 

6 2 

8 4 

1 1  

8 7 

36 58 

10 - 

4 

1 

20 1 

34 

- 

4 

6 2 

8 3 

16 

25 84. 

61 142 

7% 16% 

Func- 
Xztput 

Words rlords 
. t i o n a l  

16 38 
7 15  
7 17 

16 35 
10 22 

9 17 

10 25 

75 169 

14 2% 
38 

20 41 

1 
20 40 

8 19 

6 I4 

68 177 

143 346 

- 

- 

- 

16% 40% 

Tota l  
Status 

Words  Words 
System 

60 98 
20 35 
20 37 
80 
30 

115  

37 20 

52 

60 85 

290 459 

60 84 
40 78 

49 

2 

81 

3 
40 80 

30 49 

20 34 

23 2 4.09 

522 868 

60% 100% 

% of 
T o t a l  
Words 

11 % 
4% 
4% 

1 3% 
6% 

4% 

1 0% 

5 3% 

10% 

9% 

9% 

0% 

9% 

6% 

4% 

LLz&." 

100% 

25 



(Table 2)  w i t h   a l l   a c t i v e  systems for   each   miss ion   phase  

(Table 1 ) . The r e s u l t s   a r e   p r e s e n t e d   i n   T a b l e  3.  The 

prelaunch  phase column i n c l u d e s   a l l   d a t a  and was used a s  a 

r e fe rence   fo r   o the r   mi s s ion   phases .  The e n t r y  and t r a n s i t i o n  

phase   r equ i r e s  82% o f   t h e   t o t a l   d a t a   t o  accommodate t h e  

simultaneous need for   opera t ion   of   o rb i ta l   equipments   and   the  

standby  state  of  atmospheric  equipments.   Landing will be t h e  

second  most   act ive  phase  requir ing 62% o f   t h e   t o t a l   d a t a ,  

a l so   d iv ided   equal ly   be tween  sensors  and actuator   systems.  The 

es t imated   da ta  volume var ies   with  mission  phase  f rom 37% t o  

82%  of t h e   t o t a l  system d a t a .  

The data  volumes  of  Table 3 were  used t o   e s t i m a t e   t h e   d a t a   r a t e s  

of  Table 4 .  These  es t imates  were obtained by  employing t h e  

sampl ing   ra tes   charac te r i s t ic   o f   Apol lo   sys tems  for   each   da ta  

type  (Ref. 6 ) .  Thus, a l l   f u n c t i o n a l   s e n s o r  system data  

were  assumed  updated a t  1 sample/second  with  the  actuator 

system d a t a   u p d a t e s   a t  13 samples/second. All STATUS d a t a  

were assumed updated a t  1 sample/2seconds.   Note  that   the 

sampl ing   ra tes   can   represent   an   average   ra te   for   the   da ta  

of   each   c lass .  The system d a t a   r a t e s  were c a l c u l a t e d   f o r  word 

l eng ths   o f  23 b i t s  and  25 b i t s  to provide some indica t ion   of  

s e n s i t i v i t y   t o  word l e n g t h .  The a d d i t i o n a l  5 b i t s  can be 

cons idered   representa t ive   o f   to ta l   address   requi rements .  On 

a p e r c e n t a g e   b a s i s ,   t h e   a d d i t i o n a l  5 b i t s  will b e   i n s i g n i f i c a n t .  

A maximum d a t a   r a t e   o f  55KBPS was obtained  fromthe  procedure 

o u t l i n e d .  The e n t r i e s  of  Table 4 show t h e   d a t a   r a t e   t o   v a r y  from 
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TABU I11 .- ESTIMATED GN & C SYSTEM DATA WORDS BY MISSION PHASE 

Sensor Systems: 
MODE 36 I C )  22  20 
INPUT 58  17 39 31 
OUTPUT 75 25 49 39 

Functional Data 
( a b - t o t a l )  169 52 110 90 
Sta tus  Data 
(Sub-total) 290 100 I90 160 

Actuator Systems: 

of Tota l  Words 

14 
23 
30 

67 

120 

14 
34 
14 

62 

100 

129 
223 

349 

41% 

1 ) i  52 127 

62 

162 

q% 
709 

37% I 82% 

130 130  190 

17 

48 48 42 
30 30 24 
19 19 

83 97 97 

130  150  150 

157 

451 536 417 

28 0 34.0 260 
171 1% 

49% 524% 62% 



TABLE 1V.- ESTIMATED GN & C SYSTEM DATA RATES BY MISSION PHASE 

" 

w 
.rl G 
-3 
0 
n 

52 
63 
202 

1 .ou 

I 

I 

I 
99 I 74 
97  97 

Functional  Data  Words: 
Sensor ,%stems 169 -+ 127  74 52 

1 q3 
240 

1 .O41 t 1.989  1.48K 

Data  Rates For 20 Bit 
Words : 

iv a Sensors 
(I sample/second) ~ 3.381 
Actuators 1 (IO samples/second) 1' 35.401 

I9.40Ki 19.4OK 
3.4OK 2.80K 
24.8  Kr23.7 K 

20.601 

2.401 
24.0 E 

12.608 
2.02 
15.7 8 

12.401 

2.291 
15.9 I 

Status 
dl sample/2  seconds) 5 . 2 2  

Total  Bitdsecond 1 44.0 1 
, j= " 

17.5 Kj 25.4 E 

Data  Rates f o r  25 
Bit  Words: 
Sensors 
(1 sample/second) 1 4.23KI 1.301 3.18K/,  1.8%  2.48K/  1.85K 1 .30E 

15.758 

2.531 
19.6 F 

l"1 (1 0 samples/second ) &. 25K; j- 25. 751 
3.62Kj  3.75K' 2.751 
21.9  K131.8 K: 19.9 I 

5.25Kl 3.25Kl L.25KI 3.50K 

1 I 55.0 
K130.1 E 

Total  Bits/second 

36% 1 %  of Maximum  Rate I 100% ~ 55% 
"" 



36% t o  89% o f   t h e  maximum r a t e   a s  a funct ion  of   mission  phase.  

The r e l a t i v e  demands of   each   miss ion   phase   a re   s imi la r  when 

compared  on t h e   b a s i s   o f   d a t a  volume t o   t h o s e   o f   d a t a   r a t e s .  

The 55KBPS d a t a   r a t e  i s  a s   v a l i d   a s   t h e   a s s u m p t i o n s   r e q u i r e d  

t o   o b t a i n   t h e   e s t i m a t e .  The  most s e n s i t i v e  asLsumptions were 

the   s ampl ing   r a t e s .  The lr) sample/second r a t e  assumed f o r   a l l  

f u n c t i o n a l   a c t u a t o r   d a t a  was predicated  on  the use of a d i g i t a l  

au to-p i lo t   where   the   da ta   s igna ls   occur   wi th in   the   cont ro l  loop,  

The assumed sampl ing   ra te  would b e   s u f f i c i e n t  for c o n t r o l  

bandwidths   up  to   perhaps 3 Hz, a reasonable   value.  If t h e s e  

a rgumen t s   a r e   no t   app l i cab le ,   t he   da t a   r a t e s  would be sub- 

s t a n t i a l l y   r e d u c e d .  For example, i f  a l l   d a t a  were a r b i t r a r i l y  

assumed t r a n s f e r r e d   a t  a 1 sample/second  average  rate, a 25 b i t  

word would r e q u i r e  a maximum r a t e  of  only 21.7 KBPS. I n   c o n t r a s t ,  

Reference 2 s t a t e s  a 30KBPS d a t a   r a t e   f o r   t h e  GN & C system 

based  on  "conservat ive  assumptions  and  large  factors   of   safety" .  

The m a x i m   e x p e c t e d   s y s t e m   d a t a   r a t e  i s  c r i t i c a l   o n l y  i f  it 
approaches  data  bus c a p a c i t y .   I n   a d d i t i o n   t o   t h e  GN & C system 

dependent  data,   Section 3 will d i s c u s s   t h e   d a t a   r e q u i r e d   f o r  

address  and redundant  transmissions.   These  additional  data 

will require an  increased bus capac i ty .  The use of  a IMBPS 

s i g n a l l i n g   r a t e  will provide a capac i ty   in   excess   o f   any  con- 

ce ivable   s i tua t ion   except   ' r aw '   sensor   da ta   p rocess ing .  The. 

u s e   o f   l o c a l   p r o c e s s o r s   f o r   s u c h   p r o c e s s i n g   e l i m i n a t e s   t h i s  

s i t u a t i o n .  Hence, a 1ME3PS s i g n a l l i n g   r a t e  w i l l  e l iminate   concern 

f o r  a p r e c i s e  knowledge of system d a t a   r a t e s  o r  t h e i r   u n c e r t a i n t y .  
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2.6 Comparison  of  Data  Estimates  with Apollo/LM 

A de ta i led   s tudy   of  GN & C System  s ignals  was conducted f o r   t h e  

Apollo/LM s p a c e c r a f t .  (Ref. 7) Signal  l i s ts  were compiled f o r  

a l l  GN & C assemblies  of L"4 from  Level 3 drawings  prepared 

by G m a n  Aircraf t   Engineer ing  Corporat ion.  The d e t a i l e d  
l i s t s  a r e   i n c l u d e d   i n   t h i s   r e p o r t   a s  Appendix A. The LM 

assemblies  were a r r anged   i n to  systems f o r  comparison  with 

corresponding SSV systems. Table 5 l i s t s  the   da t a  words 

t a b u l a t e d   f o r  a LM spacecraf t   assuming  use  of a data  bus.  

The SSV e s t i m a t e s  compare reasonably well e x c e p t   f o r   t h e  

Opt ica l  and Fl ight   Control   systems.  The discrepancy  between 

O p t i c a l  systems was expected  from  the more  complex r e q u i r e -  

ments  on  the SS".  The unfavorable  comparison  between  the 

F l i g h t   C o n t r o l   l i s t i n g s  i s  due t o   t h e   i n c l u s i o n  of d i sp l ay   da t a  

i n   t h e  LM t abu la t ion   wh i l e   i nc lud ing   such   da t a   i n   t he  SSV STATUS 
c lass .   Us ing  LM d a t a   a s  a base ,   the   compar ison   ind ica tes  

t h e  SSV d a t a   e s t i m a t e s   t o  be reasonable ,but  may be  low. 

An addi t iona l   check  on es t imated   da ta  volume was obtained  from 

Reference 8 which  contains a t abu la t ion   o f   t he   quan t i ty   o f  

measurement  types i n  LM-4. The t a b u l a t i o n   d o e s   n o t   d i s t i n g u i s h  

between  measurements  used  exclusively  within a system and  those 

f o r   e x t e r n a l  use. Hence, it i s  n o t  known i f  a l l  measurements 

were in t e r sys t em  s igna l s .  The information seems t o  be u s e f u l  

and i s  presented   in   Table  6. It i s  i n t e r e s t i n g   t o   n o t e   t h a t  

609 of   the  1128  total   measurements  (54%) were performed 

wi th in   t he  GN & C System.  These  measurements  include  func- 

t i o n a l  and  housekeeping  data and should  provide a rough com- 

par ison  with  corresponding SSV es t imates .  By e l imina t ing   t he  

122  discrete   events ,   the   remaining 487 measurements  should 
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TABU V.- COMPARISON OF DATA WORDS BETWEEN EQUIVALENT LM SYSTEMS 
AND SSV SYSTEMS 

SYSTEM 

Horizon  Sensor(a) 

1 3 p t i c a l  

Mode 

Navig t i o n '  

2 I n e r t i a l  

2 Rendezvous  Fhdar 

Radareb) 2 

Air Dat 
System 

Appr a h Landing 
Aids ?a 7 
F l igh t   Cont ro ls  I 3  

Reaction  Control 6 
Rocket Propulsion 8 

Docking Gear(a) 

Jet  Engines  (a ) 
Aerodynamic C n 
t r o l   S u r f a c e s  ?a T 
Landing  Gear(a) 

Totals :  

Class  

Funct ional  
34 

Housekeeping 

Operat ional  

LM 

Inmt 1 Output 
- 2 

2 19 
18 I 23 

- 6 

59 u, 
28 7 

20 

148 I 121 

303 

170 

473 

S t a t u s  
- 

7 
7 

8 

18 

66 
64 

170 

NOTES: ( a )  No equiva len t  LM system. 
(b) LM Landing  Radar  Data 

Mode 

8 

4 
8 

4 

10 

4 
1 

39 

Lnpu t 

14 

6 
11 

8 

- 

34 
2Q 

93 

SSV 

Output 

16 

7 
16 

10 

14 
- 

20 

83 

330 

545 

i ta tus  

60 

20 
80 

30 

60 

40 
40 

330 

31 
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TABLE VI.- QUANTITY OF MEAS-NT TYPES IN IN-4 

Voltage 

Discrete  
Event 

Pressure 

Combination 

Temperature 

k a n t i t y  

Frequency 

Posi t ion 

Kelocity 

Surr en t 
Power 

Rate 

Resistance/ 
Sontinui t y  

Phase 

(Unknown) 

ro t a1  

4 
b 

E O  
L 

455 

237 

55 
44 
33 
22 

17 

9 
9 
8 

7 

4 

2 

1 

225 

1128 
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a p p r o x i m a t e l y   c o r r e s p o n d   t o   t h e   t o t a l  SSV d a t a  less t h e  MODE 

data  which  amounts t o  807 words.  Allowing f o r   t h e  9 LM 

GN & C systems and t h e  15 SSV systems, an  average  of 54 measure- 

ments  per system will be obtained for each  vehicle.   Although 
t h i s  resul t  i s  probably  due to   co inc idence ,   the   compar isons  

i n d i c a t e   t h e   e s t i m a t e d   d a t a  volume f o r   t h e  S V  i s  reasonable  

and cons i s t en t   w i th   t he   t echn iques  employed  on t h e  LM s p a c e c r a f t .  

2.7 Data Word Length 

The d a t a   r a t e s  were e s t ima ted   fo r  assumed word lengths   o f  

20  and 25 bi ts .  The SSV data  word length   has   no t   been  

decided but w i l l  probably be l a r g e r   t h a n   t h e  16 b i t s   u s e d  

i n   t h e  Apollo  Guidance  Computer. The da ta  word l e n g t h  

wi th in  a system w i l l  be  determined  by  measurement and compu- 

t a t i o n   p r e c i s i o n s .   T r a n s f e r  of t h e   d a t a  word between  systems 

will r e q u i r e   a d d i t i o n a l   b i t s   f o r   a d d r e s s e s  and d a t a   i n s t r u c t i o n s .  

These  subjects  will be  e laborated on i n   S e c t i o n s  3 and 4. 
The i n t e r e s t   h e r e  i s  t o   e s t a b l i s h  bounds on the  magnitude  of 

t h e  SSV d a t a  word l e n g t h   f o r   t h i s   r e p o r t .  

A lower bound  on t h e  SSV data   l ength  would be  the  Apollo word 

l e n g t h s .  The  Apollo  Guidance Computer  employed a b a s i c  16 b i t  

word: 14. magni tude  bi ts ,  1 s i g n  b i t ,  and  one p a r i t y   b i t .  

C e r t a i n   d a t a   i n t e r n a l   t o   t h e  computer was operated on i n  

double o r  t r i p l e   p rec i s ion .   O the r   da t a  was t ransferred  between 

t h e  AGC and  assemblies   in  pulse form  wi th   reso lu t ion  more than 

t h a t  of a 14 b i t  magni tude  data .   These  data   included  t ransla-  

t iona l   ve loc i ty   increments ,   g imbal   angle   increments ,   g imbal  

t o rqu ing   s igna l s ,  and radar  range  measurements.   Transfer  of 

t h e s e  and o t h e r   d a t a  on a d a t a  bus will r e q u i r e  a word l e n g t h  
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2.8  

commensurate  with  the maximum va lue   and   des i r ed   r e so lu t ion .  

Table 7 l ists  t h e  dynamic range   of   var ious   da ta  words as   de te rmined  

from known miss ion   requi rements ,   phys ica l   l imi ta t ions  and 

ha rdware   capab i l i t y .   Fo r   example ,   t he   l ea s t   s ign i f i can t  

b i t   e n t e r e d   f o r   c o a r s e   a n g l e   d a t a  i s  comparable t o  3 minute 

synchro   da ta .  From these   cons ide ra t ions ,  a da ta  word of 2r) b i t s  

would appear ample f o r   a l l   t r a n s f e r r e d   d a t a   e x c l u s i v e   o f   a d d r e s s  

and i n s t r u c t i o n s .  Hence, t h e  word l e n g t h s  assumed f o r   e s t i m a t i o n  

o f   d a t a   r a t e s   a r e   j u s t i f i e d .  

Timing  Signals 

I n   a d d i t i o n   t o   t h e   o p e r a t i o n a l   d a t a ,   t i m i n g   s i g n a l s   f o r   c l o c k  

and synchronizat ion will l i k e l y  be t r a n s f e r r e d  on the   da t a  

bus. The LM s i g n a l s   l i s t e d   i n  Appendix A inc lude  one o r  more 

t i m i n g   s i g n a l s   i n   o n e - t h i r d  of t h e   t o t a l   i n t e r s y s t e m   s i g n a l  

groups.  7 o f   t h e  9 LM/GN & C systems required  t iming 

s igna l s .   These   t iming   s igna l s  were r e q u i r e d   t o   s t r o b e   p u l s e  

data  between systems, torque gyros, and f o r  synchronism  with  the 

PIPA loops  and  power suppl ies .   These  requirements  w i l l  n o t  

a p p l y   t o   t h e  SSV s i n c e   d a t a  will be t r a n s f e r r e d   a s   d i g i t a l  

PCM t o  a l o c a l   p r o c e s s o r   t h a t  w i l l  genera te   the   un ique   to rquing  

and /o r   synchron iz ing   s igna l s   o f   t ha t   un i t .  However, most 

methods   o f   da ta   t ransfer   a re   no t   se l f -c locking  and w i l l  

r e q u i r e   b i t   s y n c .  Assuming a b i t   s y n c  w i l l  be requi red ,  it can 

be u s e f u l l y  employed to   coordinate   events   between systems a s  

discussed  below. 
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TABLF: VI1.- POSSIBU MAGNITUDE OF DATA WORDS 

"_ ~~ 
DATA - 

Mission time 
Time t o  go 

FLapsed time 

Event time 

'IME 

!OTATION 
Coarse  angle 

Fine  angle 

An l a r  
v e g c i t y  

'RANSLATION 
Geocentric 
range 
Orbi ta l  
a l t i t u d e  
Radar range 
Orbi ta l  
ve loc i ty  
Stationkeepin 
&YO:lP€pg 

WALOC SIGNALS 
Voltage 
Current 
Resistance 
Temperature 

Pressure 
- 

-~ 

Maximum 
" .'81Uft,- 

12.3days 
4.3min. 

4.3min. 

17.5min. 

360deg. 

760deg. 

32deg/sec 

_ _ ~  

3388Km 

2097Km 

2097Km 
1 .04Km/sec 

10.&/sec 

-I- .__ 

1 u n i t  
1 u n i t  
1 u n i t  

30000C 

23oupsi 
~~ - 

~ ~ _ _  

LSB 
iesplut ion 

1 sec.  
.r)Olsec. 

.OOl sec. 

. O O l  sec 

2.6i&i. 

3 . 9 s .  

.005deg/se 

~- 

3m 

all 

2m 
1 cm/sec 

1 cm/sec 

1. 1% 

1.1% 

3oc 
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A compl ica t ion   a r i s ing   f rom a time-shared  data  bus w i l l  be 

the   coord ina t ion  of a0 event  between two sys t ems   o r   s t a t ions .  

Fo r   example ,   u se   o f   op t i ca l   da t a   fo r   i ne r t i a l   p l a t fo rm  a l ign -  

ment r equ i r e s   s imu l t aneous   op t i ca l  and i n e r t i a l   a n g l e   d a t a  

r e a d o u t s   a t  a s p e c i f i c  time t o   e l i m i n a t e  time dependent   e r rors .  

A l ess   severe   p roblem w i l l  occur   &uring  an  uncoordinated 

f i r i n g   o f   t h r u s t e r s  which causes   small   but   undesired  t rans-  

l a t i o n a l  and r o t a t i o n a l   f o r c e s  due t o  inherent   t ime  de lays .  

These  delays  can  be  eliminated by t r a n s f e r r i n g   t h e  'time t o  

go! o f  an  event and a cent ra l   c lock   a long   wi th   o ther   da ta  

p e r t i n e n t   t o   t h e   e v e n t   t o   e a c h   s t a t i o n   i n v o l v e d   i n   t h e   e v e n t .  

The ' t ime t o  gor  and clock  provide a f l e x i b l e  means of gener- 

a t i n g   s i m u l t a n e o u s   g a t i n g   s i g n a l s   w i t h i n   d i f f e r e n t   s t a t i o n s .  

I n   a n t i c i p a t i o n  o f  events   generated  within a s t a t i o n ,  an 

relapsed timer d a t a   w r d  would also be u s e f u l   i n   c o o r d i n a t i n g  

o r  eva lua t ing   even t s  as wel l  as providing a d i f f e r e n t i a l   t i m e  

f o r   e s t i m a t i o n  o r  computat ion  of   der ivat ives  and i n t e g r a l s  of 

t h e   s t a t i o n  OUTPUT da ta .  

A reasonable   t ime  reso lu t ion  o f  t h e s e   d a t a  words  would  be 

0.001 s e c o n d s / b i t   i n   c o n t r a s t   t o   t h e  AGC t ime   r e so lu t ion  of 

0.01 seconds. A 20 b i t   d a t a  word will al low up t o  1'7.4 minutes 

o f   d i f f e r e n t i a l   t i m e  between t r a n s f e r  of a scheduled  event 

and occurrence o f  the   event .   This   fea ture   no t   on ly   coord ina tes  

an  event,  it a l s o  e l imina tes   the   need  f o r  precise   bus  schedul ing 

and f r e e s   t h e   b u s   d u r i n g   c r i t i c a l   e v e n t s   f o r   s t a t u s  and f a u l t  

monitoring. The e x p e c t e d   u t i l i t y  o f  t h e s e   d a t a  words l e d  t o  

t h e i r   i n c l u s i o n   i n   e a c h   u n i t  INPUT and OUTPUT d a t a  as s t a t e d  

in   pa rag raph  2.5. 
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2.9 

The c e n t r a l   c l o c k   s i g n a l  would be   cont inuous ly   suppl ied   to  

all d a t a   b u s   s t a t i o n s .  The c l o c k   r a t e  would be i d e n t i c a l   t o  

t h e   b i t   r a t e   f o r   b i t  sync. Down-counters  would d e r i v e   t h e  

1 mi l l i s econd   t iming   s igna l  and o ther   t iming   s igna ls   f rom 

the   c lock   s igna l   w i th in   t he   i n t e r f ace   a s sembly  as shown i n  

Figure 6. The c lock   s igna l  and d a t a   s i g n a l s   c a n   b e  multi- 

p lexed   on to   t he   da t a  bus. An a l t e r n a t i v e   t e c h n i q u e  would 

synchronously  modulate a s inuso ida l   c lock   s igna l   (o r  a clock 

harmonic)  with  the serial d a t a   s t r e a m   t o   r e a l i z e  a coherent 

communication system i n  which the  c lock  can  be  extracted  f rom 

the   modu la t ed   da t a   s igna l .   These   poss ib i l i t i e s  w i l l  be  dis-  

c u s s e d   i n   d e t a i l   i n   S e c t i o n  4. For   t he   p re sen t ,  it w i l l  be 

assumed t h a t  a clock and a da ta   channel  w i l l  be r e q u i r e d   t o  

avoid   undes i rab le   de lays   assoc ia ted   wi th  a t ime  shared  data  

bus. 

Summary 

The s e c t i o n  was conzerned  with  ident i f icat ion  and  discussion 

of G1UC System fac tors   tha t   have   impact  on a data   bus.  A 

da ta   bus   dedica ted   to  GN&C Sys tex   s e rv i ce  was assumed t o  

i s o l a t e  i t s  requirements   f rom  those  of   other  SSV systems. 

A data   bus   deve loped   for   dedica ted   se rv ice  w i l l  have s u f f i -  

c i e n t   f l e x i b i l i t y   f o r   o p e r a t i o n   w i t h   e i t h e r  a c e n t r a l i z e d  

o r  a dedicated  computer  system. 

A candidate  GN&C System was discussed.  The System was com- 

posed of 1 5  systems: 7 sensor  systems, 7 a c t u a t o r  systems, 
and a GN&C Data Processor .   These  systems  consis t   of  45 
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s e p a r a t e   u n i t s   l o c a t e d  on t h e  MSC Orbiter  Vehicle.   Grouping 

u n i t s   o f   t h e  same sys t em  in  a common l o c a t i o n   r e s u l t e d   i n  20 

i n d i v i d u a l l y   a d d r e s s a b l e   s t a t i o n s .  The SSV mission was ca te -  

gorized  by 10 d i s t i n c t   p h a s e s   w i t h   t h e   a c t i v e  systems noted 

for   each   phase .  The e n t r y  and t r a n s i t i o n   p h a s e  will impose 

t h e   g r e a t e s t  demands s ince  it r e q u i r e s  11 act ive   sys tems.  

GN&C System o p e r a t i o n a l   d a t a  were   o rganized   in to   c lasses   to  

o b t a i n  a s t anda rd   fo rm  fo r   da t a  management  and transfer t h a t  

s a t i s f i e s   t h e   n e e d s  of a l l  systems. The t o t a l   o p e r a t i o n a l  

d a t a  were  discussed  in  terms  of  functional  data  and  house- 

keeping  data .  Tne proposed  funct ional   data   c lasses   were 

termed MODE, IIWUT, and OUTPUT. The proposed  housekeeping 

d a t a   c l h s s e s  were  termed STATUS,  FAULT, and LOAD. System 

opera t ion  was d iscussed   in   t e rms   of   these   c lasses .  The use  

of STATUS and FAULT f l a g   d i s c r e t e s   w i t h i n   t h e  MODE d a t a  was 
proposed as a means of  reducing  data  bus  t ime  occupancy by 

communicating d a t a  on the   bas i s   o f   need .   These   f lag   d i scre tes  

w i l l  e f f e c t i v e l y   e d i t   t h e   d a t a   i n t e r n a l   t o  a s t a t i o n  and a l e r t  

t h e   d a t a   p r o c e s s o r   t o   i n t e r n a l  change  and the  subsequent  need 

t o   c a l l   f o r   t h e s e   d a t a .  

Data requi rements   were   es t imated   for   the  MODE, INPUT, OUTPUT, 

m d  STATUS da ta .  FAULT and LOAD d a t a  were not   inc luded   s ince  

they w i l l  be in f r equen t ly  communicated  and n o t   s i g n i f i c a n t l y  

c o n t r i b u t e   t o   d a t a   r a t e s .  The data  requirements  were  obtained 

by e s t ima t ing   t he   quan t i ty  of d a t a  words per   system  for   each 

sys tem  c lass ,   combining   these   quant i t ies   for  a l l  ac t ive   sys tems 

for   each  mission  phase,  and applying  Apollo DAP sampl ing   ra tes  
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t o   t h e   t o t a l   d a t a   q u a n t i t y   o f   e a c h   c l a s s .  The conrprtations 

were  performed f o r  a 2J b i t  and 25 b i t  word size. The 20 b i t  

word was shown t o  be s u f f i c i e n t   f o r  all data  magnitudes by 

cons ide r ing   t he  dynamic range  and  resolut ion  requirements   of  

many v a r i a b l e s .  The 25 b i t  word was cons idered   representa t ive  

o f  t he   t r ans fe r r ed   da t a   t o   i nc lude   addres s  and i n s t r u c t i o n   b i t s .  

A 25 b i t  word w i l l  r e q u i r e  a 55 .O K3PS s i g n a l l i n g   r a t e   f o r  all 
data .  The d a t a   r a t e   v a r i e d   f r o m  36% t o  8% of   t he  maximum 
d a t a   r a t e  by mission  phase  with a 48.9 B P S   r a t e   d u r i n g   e n t r y  

and t r a n s i t i o n .  The proposed 1 MBPS s i g n a l l i n g   r a t e  will provide 

a c a p a c i t y   i n   e x c e s s  of  any  conceivable  si tuation. 

The est imated SSV d a t a  was compared wi th   equ iva len t   da t a  com- 

p i l e d   f o r   t h e  Apollo/LM spacec ra f t .  The comparisons  indicated 

the   e s t ima ted   da t a   quan t i t i e s   t o   be   r easonab le  and c o n s i s t e n t  

with  the  techniques employed  on the  LM. 

The use   o f   ' t ime   to   go '  and ' e lapsed   t ime '  words was proposed 

t o  compensate f o r   i n h e r e n t   t i m e   d e l a y s   i n  a t ime-shared  data  

bus. The d a t a  would  be inc luded   in   each   un i t  INPUT and OUTPUT 

d a t a  as a f l e x i b l e  means of  coord ina t ing   even t s   i n   s epa ra t e  

s t a t i o n s ,   e l h i n a t i n g   p r e c i s e   b u s   s c h e d u l i n g ,  and  providing a 
f r e e   b u s   d u r i n g   c r i t i c a l   e v e n t s .  The implementation would 

r e q u i r e  a cen t r a l   c lock   con t inuous ly   supp l i ed   t o  a l l  s t a t i o n s .  

A l l  t iming   s igna ls ,   inc luding   b i t   sync ,  would  be derived  from 

the   c lock   s igna l .  
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3. DATA MANAGEMENT CONSIDERATIONS 

The previous   sec t ion   d i scussed  GN & C System o p e r a t i o n   t o   e s t a b l i s h  

da ta   requi rements  and c h a r a c t e r i s t i c s .  The d a t a  bus system must 

i n t e r f a c e   w i t h   t h e  GN & C System  and t r a n s f e r   t h e   d a t a   i n  a 

manner t h a t   s a t i s f i e s   t h e   d a t a   r e q u i r e m e n t s .   T h e r e   a r e  two 

basic   funct ions  performed  by  the  data   bus  system;  data  management 

and   da t a   t r ans fe r .  The data  management f u n c t i o n   c o n s i s t s  of  t h e  

in te r face ,   format ,   schedul ing ,  and o ther   aspec ts   involv ing  

con t ro l   o f   t he   f l ow  o f   da t a .  The da ta   t r ans fe r   func t ion   conveys  

the   da t a   fo rma t   be tween   s t a t ions   i n   r e sponse   t o   con t ro l   by  da tz .  

management. The d a t a  management f u n c t i o n  will be  considered i n  

t h i s   s e c t i o n .  

3.1 Data Bus Control  

For   l ack   o f  a spec i f i c   sys t em  s t ruc tu re  or opera t iona l   p lan ,  it 
will be n e c e s s a r y   t o   c o n s i d e r   c e r t a i n   a s p e c t s   o f   d a t a  management. 

The f low  of   da ta   could   occur   in   on ly   th ree  ways; from  data  pro- 

c e s s o r   t o  a s t a t ion ,   f rom a s t a t i o n   t o   t h e   d a t a   p r o c e s s o r ,   o r  

f r o m   s t a t i o n   t o   s t a t i o n .  The need f o r  two-way d a t a   t r a n s f e r  

between the   da t a   p rocesso r  and a n y   s t a t i o n  i s  obvious. The 

need f o r   s t a t i o n   t o   s t a t i o n   d a t a   t r a n s f e r  i s  a d i s t i n c t  

p o s s i b i l i t y .  Although  such  data were n o t   i d e n t i f i e d   i n   S e c t i o n  2,  

t h e  LM d a t a   i n  Appendix A l i s t s  system t o  system data  between 

5 o f   t he  9 GN & C systems.  These  data  could  be  transferred 

d i r e c t l y   f r o m   s t a t i o n   t o   s t a t i o n  o r  routed   th rough  the   da ta  

processor .  The first a l t e r n a t i v e   i m p l i e s   t h a t   e a c h   s t a t i o n  be 

p r o v i d e d   w i t h   t h e   c a p a b i l i t y   t o   g a i n   a c c e s s   t o t h e   d a t a   b u s  and 



a d d r e s s   t h e   s t a t i o n   o f   i n t e r e s t .  The capabi l i ty   could   be  

r e a l i z e d  by p r o v i d i n g   e a c h   s t a t i o n   w i t h   t h e   c i r c u i t r y   r e q u i r e d  

t o   c a p t u r e  a p o l l i n g   s i g n a l   i n   a c c o r d   w i t h   a n   e s t a b l i s h e d  

p r i o r i t y   s c h e d u l e  and t h a t   r e q u i r e d   t o   g e n e r a t e  o r  s t o r e   t h e  

o t h e r   s t a t i o n   a d d r e s s e s .  The r e s u l t i n g   i n t e r f a c e   c o m p l e x i t y  

would exceed   t ha t   o f   t he   o the r   a l t e rna t ive  which provides  

e s s e n t i a l l y   t h e  same c a p a b i l i t y .   R o u t i n g   a l l   s t a t i o n   t o   s t a t i o n  

da ta   th rough  the   da ta   p rocessor  would require   only  temporary 

s t o r a g e   w i t h i n   t h e   d a t a   p r o c e s s o r   i n   a d d i t i o n   t o   t h e  two-way 

d a t a   t r a n s f e r   c a p a b i l i t y .  The s t a t i o n   t o   s t a t i o n   d a t a   t r a n s f e r  

v i a   t h e   d a t a   p r o c e s s o r   r e q u i r e s   t h e  minimum redundant  hardware. 

Although  the bus time occupancy will be  double f o r  t h e s e   d a t a ,  

t h e   t r a n s f e r  of a l l   s t a t i o n   t o   s t a t i o n   d a t a   t h r o u g h   t h e   d a t a  

processor  w i l l  be p r e f e r r e d  f o r  i t s  s i m p l i c i t y .  

The preceding  arguments   suggest   the   data   processor  serve a s  

a c e n t r a l   a u t h o r i t y   i n   c o n t r o l l i n g  bus access .  Assignment  of 

t h i s   a u t h o r i t y   t o   t h e   d a t a   p r o c e s s o r  w i l l  b e   l o g i c a l   s i n c e  

it must i n t e r f a c e   w i t h   a l l   s t a t i o n s ,   m a i n t a i n   c o g n i z a n c e   o f  

veh ic l e   con f igu ra t ion  and a c t i v i t y ,  and w i l l  be the  pr imary 

use r   o f   t he   da t a  bus. This   po l i cy  w i l l  s i m p l i f y   t h e   s t a t i o n  

in te r face   hardware   s ince   the   s ta t ion   need   on ly   respond when 

i n t e r r o g a t e d .  The da ta   p rocessor  will be more  complex s i n c e  

it must  be programmed w i t h   t h e   d a t a   r a t e s ,   t h e   s o u r c e   a d d r e s s e s ,  

and the   des t ina t ion   addres ses .  The complexity w i l l  b a s i c a l l y  

be in   the  sof tware  with  the  necessary  redundant   hardware  confined 

t o   t h e   d a t a   p r o c e s s o r .  The resu l t ing   a r rangement  w i l l  be 

cons is ten t   wi th   requi rements   for   au tomat ic  mode and conf igura t ion  

c o n t r o l .  



3.2 

The  scheduling  of  data  transfer  is  beyond  the  scope  of  this 
report  due  to  the  dependence  on  computer  structure,  operation, 
and its programs. It  is  reasonable  to  assume  that a rigid  or 
repetitive  schedule  would  be  unlikely. In fact,  the  existence 
of  two  or  more  asynchronous  computers  ensures  interleaving  of 
input and output  data  characteristic  of  the  active  program in 
each  computer.  Thus,  the  transfer  of  various  data  to or. from 
any station will probably  follow a pseudo-random  schedule. A 

time-shared  data bus responsive  to  these  needs  should  attempt 
to  minimize  its  time  occupancy. A low  time  occupancy  reduces  the 
possibility  of  data  backlogs  with  their  attendant  scheduling 
complications and effects  on  computer  operations. 

Data  bus  time  occupancy  can  be  reduced by employing a high 
signalling rate, editing  unnecessary  data, and providing  an 
efficient  address  structure.  The IMBPS signalling  rate  and 
flag  discretes  for  editing  were  discussed in Section 2. Address 
structures will be  evaluated in  the  following  paragraph. 

Address  Structures 

The  efficiency  of  an  address  structure  can  be  measured  in  terms 
of  address  length  compared  to  data  word  length. An efficient 
address  structure  must  provide  the  desired  operational  flexibility 
with  a  short  address  length.  The  use  of  instruction  bits  will  be 
neglected  here  and  considered  in  subsequent  paragraphs.  Two 
extreme  address  structures  that  provide  an  upper and lower 
bound on  address  efficiency  are  evident.  One  extreme  would 
assign a binary  address  to  each  data  word  independent  of  the 



s t a t i o n .  Such  an  address   s t ructure  would have  low  eff ic iency 

and a s u b s t a n t i a l   f l e x i b i l i t y .  The other  extreme would a s s i g n  

only a s t a t i o n   a d d r e s s  and t r a n s f e r   a l l   s t a t i o n   d a t a   f o l l o w i n g  

the   addres s .   Th i s   s t ruc tu re  would be very e f f i c i e n t   f o r  

d a t a   t r a n s f e r  i n  l a r g e   q u a n t i t i e s  but o f f e r s  l i t t l e  f l e x i b i l i t y .  

A s a t i s f a c t o r y   s t r u c t u r e  must e x i s t   w i t h i n   t h e s e  extremes. 

With r e f e r e n c e  t o  t he   da t a   c l a s ses   o f   Sec t ion  2, poss ib le  

addres s   s t ruc tu res  would include:  

1. Address a s t a t i o n  ( t h e n   t r a n s f e r   a l l   s t a t i o n   d a t a  1. 
2. Address a s t a t i o n  and a c l a s s  ( t h e n   t r a n s f e r   t h a t   c l a s s  

d a t a  ) . 
3. Address a s t a t i o n ,  a c l a s s ,  and  words i n   t h a t   c l a s s .  

4.  Address a s ta t ion ,   and  words w i t h i n   t h e   s t a t i o n .  

5. Address  each  data word. 

The e f f i c i e n c y   o f   t h e s e  5 addres s   s t ruc tu res  were computed 

for a hypothe t ica l  system tha t   exceeds   requi rements   o f   the  

GN & C System. The hypo the t i ca l   sys t em  cha rac t e r i s t i c s  were: 

Tota l  system words: W = 8192 words 

Word length :  n = 20 bits/word 

Number o f   s t a t ions :  S = 32 s t a t i o n s  

Data   c lasses:  c = 4 c l a s s e s / s t a t i o n  

Data  words/station: Q = = 256 words/s ta t ion 
S 
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Data  words/class 

MODE da ta :  Q M =  2 words/station 

INPUT data :  QI = 15 words/station 

OUTPUT data:  Q = 15 words/station 

STATUS d a t a :  Qs = 60 words/station 

FAULT data :  % = 100 words/station 

LOAD da ta :  64 words/station 

The effective in fo rma t ion   r a t e  was computed a s   t h e   r a t i o   o f  

information b i t s  to   in format ion   f rame time f o r   a d d r e s s   l e n g t h s  

commensurate wi th   t he   hypo the t i ca l  system d a t a .   I n s t r u c t i o n  b i t s  

and pause  per iods were not   inc luded .  The results f o r   e a c h  

a d d r e s s   s t r u c t u r e   a r e  l i s t e d  i n  Table 8 .  

S t r u c t u r e  (1) where a s t a t i o n   a d d r e s s  would  be followed by 

t r a n s f e r   o f   a l l  MODE, INPUT, OUTPUT, and STATUS d a t a   f o r   t h a t  

s t a t i o n  would be compe t i t i ve   w i th   o the r   s t ruc tu res   on ly  when 

more than 75% of  these  data   have  been  updated.   Consider ing 

t h e  20 t o  1 sp read   i n   ave rage   da t a   r a t e s   by   c l a s s ,   t he   r e su l t an t  

s t a t i o n   u p d a t e s  would occur  once  every two seconds and would 

be  inadequate,  

S t r u c t u r e  (2)  which  t ransmits  a s t a t i o n   a d d r e s s  and c l a s s   add res s  

fol lowed  by  t ransfer   of  a l l   d a t a   i n   t h a t   c l a s s   h a s   a n   e f f e c t i v e  

in fo rma t ion   r a t e   nea r ly   p ropor t iona l   t o   t he   pe rcen t   o f   upda ted  

words i n   t h a t   c l a s s .  The e f f e c t i v e   i n f o r m a t i o n   r a t e  will exceed 

a l l   o t h e r s  when the   updated  words a r e  more than 75% o f   t h e   c l a s s  

t o t a l .   S i n c e   t h e  words a r e   a l l  of t h e  same c l a s s ,   t h e y  

would be  updated a t   e s s e n t i a l l y   t h e  ssme time. The high 



Address  Structure 

(1 ) Station  Address 

(2 )   S t a t ion  and Class  Address 

(3) Station,  Class,   and Word 
Address 

( 4 )  S t a t i o n  and Word Address 

(5 )  Word Address 

Effect ive  Information  Rate  
~ ~ ~~ ~~~~~ 

V (1 3+20)T 
V'20B = 0.61 MBPS 

NOTES: 

1 .  Address l e n g t h s   a r e  commensurate wi th   hypo the t i ca l   p rob lem  in   t ex t .  

2 .   Information  ra te  was computed f o r   t h e   t r a n s f e r   o f  I m r  words t o   e a c h  

of I k r  s t a t i o n s   f o r  a t o t a l  of 'VI = mk words. 

3. 8 and % were no t   i nc luded   s ince   t hey  will be inf requent ly  

communicated. 

4.  B r e p r e s e n t s  1 b i t  of information 

5. T r e p r e s e n t s   t h e   b i t   p e r i o d  of 1 microsecond. 
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e f f e c t i v e   i n f o r m a t i o n   r a t e  2nd e l i x t n a t t o n  of t h e  many word 

address  registers cha rac t e r i s t i c   o f   t he   r ema in ing   s t ruc tu res  

a r e   s u f f i c i e n t   r e a s o n s   f o r   p r e f e r r i n g   t h i s   s t r u c t u r e .  

S t r u c t u r e s  (3) and ( 4 )  h a v e   e s s e n t i a l l y   t h e  same e f f e c t i v e  

in fo rma t ion   r a t e .  I t  should  be  noted t h a t   t h e   i n f o r m a t i o n   r a t e  

would be s i g n i f i c a n t l y   r e d u c e d   f o r  ( 3 ) ,  (41, and (5)  if 
c o d i n g   b i t s  were i n c l u d e d .   I n   e i t h e r   e v e n t ,   s t r u c t u r e  ( 4 )  
would be p r e f e r r e d   t o  ( 3 )  s i n c e  it would n o t   r e q u i r e   t h e   c l a s s  

a d d r e s s   r e g i s t e r s .  

S t r u c t u r e  (5 )  would provide a constant   information  ra te   lower  

than   t ha t   o f  ( 3 )  and ( 4 ) .  The l a r g e   q u a n t i t y  of system words 

and t h e   s u b s e q u e n t   a d d r e s s   l e n g t h   r e s u l t   i n   a n   i n e f f i c i e n t  

s t r u e   t u r e  . 

O f  t he   add res s   s t ruc tu res   cons ide red ,  a s t a t ion   addres s   w i th  

c l a s s   a d d r e s s  would p rov ide   t he   bes t   e f f i c i ency   and   ope ra t iona l  

f l ex ib i l i t y   w i th   min ima l   add res s   r equ i r emen t s .  The t r a n s f e r  

of a ' d a t a   c l a s s '  will be  compatible  with  basic GN & C 

System o p e r a t i o n   a s   o u t l i n e d   i n   S e c t i o n  2 ,  For i n s t a n c e ,  

a l l  MODE data  words would be t r a n s f e r r e d   i n  a s ingle   f rame.  

The INPUT and OUTPUT data   o f   any   s ta t ion  will cons i s t   o f   s eve ra l  

words.   Transfer   of   e i ther  STATUS o r  FAULT d a t a  would c o n s i s t  

o f   s e v e r a l   d i s t i n c t  but r e l a t e d  words. All LOAD data  would 

be t r a n s f e r r e d   i n  a single  frame.  Thus,   use  of a s t a t i o n  and 

c lass   address   conforms  to   the   inherent   da ta   f low  wi th in   the   sys tem.  



The  effective  information  rate  of  the  recommended  address  structure 
can  be  maintained at a  high  level  by  appropriate  grouping  of 
data -within  a  class  to  form  subclasses.  Each  subclass 
would  ideally  have  the  same  quantity  of  data  words  and  would 
consist  of  data  bearing a common  relationship. For example,  the 
hypothetical  problem  employed  the  six  operational  classes  of 
Section 2. Formationof15 subclasses  as  shown  in  Table 9 would 
ensure a high  address  efficiency  since  the  number of probable 
updated  words  represent a larger  percentage  of  the  total  subclass 
data. 

The  subclasses  can  be  arranged  to  satisfy  the  particular  require- 
ments  of  each  station. If a station  contained  only  from 6 to 10 

INPIJT or OUTPUT words,  the  total  data  class  would  inherently  be 
transferred  with  high  efficiency  and  formation  of  subclasses  would 
be  unnecessary. In this  event,  the  unused  subclass  address 
could be used  for  other  data  within  the  station  to  improve  the 
total  data bus efficiency. 

The  number of class  and  subclass  addresses  must  satisfy  the  needs 
of the  most  complex  system  and  station.  With  reference  to  the 
estimated  system  data  words in Table 2, and  an  arbitrary  allotment 
of ,& FAULT  subclass  addresses  and 1 LOAD address, a 4 bit  class 
address  would  be  satisfactory.  Since  the  station  address will be 
5 bits,  perhaps a 5 bit  class  address  would  be  beneficial  in  terms 
of  employing a standard 5 bit  address  length and a  standard 
multiplexer. 



TABLE 1X.- EXAMPLF: OF DATA SUBCIASSES  FOR IME'ROVED ADDRESS E F F I C I E N C Y  
~ ~~ 

Hypothet ical  Problem 

Data  Chantity 
c l a s s   o f  w.ords 

MODE 

INPUT 

OUTPUT 

STATUS 

? AULT 

;0 AD 

2 words/class 

15  words/cla ss 

15  words/class 

60 words/class 

100  words/class 

64 words/class 

Improved  Address E f f i c i e n c y  
~~ ~ ~~ 

Data a a n t i t y  
subclass  of  words 

MODE 

INPUT A 

INPUT B 
OUTPUT A 

OUTPUT B 
STATUS A 

STATUS B 

STATUS C 
STATUS D 

STATUS E 
FAULT A 

FAULT B 

FAULT C 
FAULT D 

LOAD 

2 word s /c la  ss 

8 words/subclass 

8 words/subclass 

8 words/subclass 

8 word s/subcla s s 

12  words/subclass 

12  words/subclass 

12  words/subclass 

1 2 word s/subcla s s 
12  words/subclass 

25 words/subclass 

25 word s/subcla s s 

25 word s/subcla ss 

25  words/subclass 

64 words/class 



I 

3.3  Data  Format 

It would be i n s t r u c t i v e   a t   t h i s   p o i n t   t o   c o n s o l i d a t e   p r e v i o u s  

arguments.   These  arguments  basically  emphasize  the  need  for a 

pseudo-random bus schedule  of a va r i ab le   da t a   fo rma t .  The 

d a t a  management  and mult iplexing system f u n c t i o n a l l y   i l l u s t r a t e d  

i n   F i g u r e  7 appears   respons ive   to   these   needs .  The ex is tence  

o f   b u f f e r   s t o r a g e   f o r   a l l   d a t a   t o  be t r a n s f e r r e d  w i l l  be 

assumed.  Within the   da ta   p rocessor ,   the   s torage   could  be by 

a s s ignmen t   i n   ce r t a in   ca ses  on a s t a t i o n  level  o r   ded ica t ed   a s  

ind ica ted  by the   F igure .  The b u f f e r   s t o r a g e  would,  of  course, 

be d e d i c a t e d   a t   e a c h   s t a t i o n .  The d a t a  would  be a s s igned   t o  

b u f f e r   s t o r a g e   a r r a n g e d   i n   c l a s s  or subclass   data .   These  data  

would inc lude   t he   c l a s s   add res s  word,  an i n s t r u c t i o n  word f o r  

1/0 c o n t r o l   o r   s p e c i a l   o p e r a t i o n s ,   a n d   a l l   d a t a  words corresponding 

t o   t h e   p a r t i c u l a r   c l a s s  and s t a t ion   addres s .  Each word would 

be p a r a l l e l   t r a n s f e r r e d   i n  or out   o f   s torage  by computer 

c o n t r o l .   D a t a   t o   b e   t r a n s f e r r e d   t o  a s t a t i o n  would be assigned 

t o   s t o r a g e  and i t s  s t a t i o n   a d d r e s s   i n p u t t e d   t o   t h e   d a t a   b u s  

con t ro l .   Da ta   t o  be t ransfer red   f rom a s t a t i o n  would  be requested 

by i n p u t t i n g   d i s c r e t e s   i n t o   t h e   i n s t r u c t i o n  word i n   t h e  

p rope r   c l a s s   bu f fe r   s to rage  and i t s  s t a t i o n   a d d r e s s   i n t o   t h e  

da ta   bus   cont ro l .  

The da ta   bus   con t ro l   gene ra t e s  an 1/0 s t a t ion   s chedu le  frm 

requests  submitted  by GN & C program  control, the  crew,  or 

o ther   p rogram  cont ro l   such   as  Command/Display and te lemet ry .  

These  requests  could be execu ted   s equen t i a l ly   i n   t he  wcisr 

peceived, by pr ior i ty   ass ignment ,   or   perhaps  s imply by t h e  

number o f   r e q u e s t s   f o r  a p a r t i c u l a r   s t a t i o r . .  
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(Typical  Addressable  Station) 
I 
- ( T y p i c a l   S t a t i o n   D a t L S t m a  e) 5 

Sta t ion  1 

I:: 
16 
m 

R 1nt.f. 
I 
I 

I3 
I: co 

u 
I 

7 I 

Bus 1nt.f. H L”””l 
””””” 

I I I 
Ln 
0 

Sta t ion  2 S ta t ion  2 
Class  

m 

Sta t ion  20 

GN&C Program  Control- 
Crew Request- 

Other  Program C o n t , r o l d  

Notes 
1. SAD-X rep resen t s   s to rage  of s t a t i o n  

address X.  
2. CAD-X re r e sen t s   s to rage  of c l a s s  

address  g and instruction word, 

S t a t i o n  
Schedule 

Figure 7.- Data management and  multiplexing  system  data  processor.  



The scheduled   s ta t ion  would acqu i re   access   t o   t he   da t a   bus  by 

a pa ra l l e l   compar i son   o f   t he   s t a t ion   addres s  request with 

a l l  s t a t i o n   a d d r e s s e s   i n   s t o r a g e .  An addres s   de t ec t ion  would 

enable  i t s  c l a s s   m u l t i p l e x e r   a n d   s e r i a l l y   c l o c k   t h e   s t a t i o n  

a d d r e s s   t o   t h e   s t a t i o n   m u l t i p l e x e r .  The s t a t i o n   a d d r e s s  

cou ld   be   checked   s e r i a l ly   i n   t he   mu l t ip l exe r   a s  it i s  t r a n s m i t t t e d  

on t h e  bus. S t a t i o n   a d d r e s s   e r r o r s  would i n h i b i t  furtkier 
t ransmiss ions  and r e t u r n   t o   d a t a  bus c o n t r o l  for a r e p e a t  

opera t ion .  The absence  of   errors  would g a t e   t h e   d a t a  bus 1/0 

c h a n n e l s   t o   t h e   c l a s s   m u l t i p l e x e r .  

Commencing w i t h   t h e   i n i t i a l   s t a t i o n   a d d r e s s   d e t e c t i o n ,   t h e  

c l a s s   mu l t ip l exe r  would s e q u e n t i a l l y   s c a n   e a c h   c l a s s   f o r   u p d a t e  

r e q u e s t s   t o   f o r m  i t s  own schedule.   These  requests  could be 

formed  by a l o g i c  OR of a l l  word s torage   load  pulses and 

input ted   ins t ruc t ions   to   de te rmine   whether   any  of the  words 

i n   t h e   p a r t i c u l a r   c l a s s   n e e d s   t o  be t r a n s f e r r e d .  If a s i n g l e  

word u p d a t e   r e q u e s t   e x i s t s ,   t h e   e n t i r e   d a t a   c l a s s  would be 

t r a n s f e r r e d .  

After   the   s ta t ion  address   has   been  c locked  out  of s torage  and 

p rope r ly   checked   a t   t he   s t a t ion   mu l t ip l exe r ,   t he   c l a s s   mu l t i -  

p l e x e r   g a t e s   t h e  1/0 s t a t i o n   c h a n n e l s   t o   t h e  f i rs t  d a t a   c l a s s  

t o  be updated. The c l a s s   a d d r e s s  and. i n s t r u c t i o n  word 

would be   s e r i a l ly   c locked   ou t   t h rough   t he   c l a s s  and s t a t i o n  

m u l t i p l e x e r s   o n t o   t h e   d a t a  bus. If t h e   i n s t r u c t i o n s   c a l l   f o r  

d a t a   o u t ,   t h e   w o r d s   i n   b u f f e r   s t o r a g e  would be s e r i a l l y  

c locked   ou t   in   the i r   ass igned   sequence .  If t h e   i n s t r u c t i o n s  

c a l l  for d a t a   i n ,   t h e   c l a s s   m u l t i p l e x e r   i n h i b i t s   t h e   o u t p u t  
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channel .   and  enables   the  input   channel .  Upon r e c e i v i n g   d a t a ,   t h e  

r ece ived   c l a s s   add res s  would be compared w i t h   t h e   s t o r e d  

address .  An e r r o r   d e t e c t i o n  would r e p e a t   t h e   s t o r e d   a d d r e s s  

and i n s t r u c t i o n  words. A proper   received  address  would g a t e  

the   r ece ived   da t a   i n to   s to rage   a s   words   i n   t he i r   a s s igned  

sequence ,   n?glec t ing   e r ror   cont ro l   p rocedures   for   the  moment, 

The word mul t ip lexer   sequences   the  word s t o r a g e   c o n t r o l   s i g n a l s  

t o   i n h i b i t   i n t e r n a l   r e a d   o r  write pulses   dur ing  a data  bus 

t r ans fe r ,   and   s equen t i a l ly   ga t e s   t he   p rope r  1/0 channel t o   t h e  

corresponding buffer s to rage   po in t .  It would  be p o s s i b l e   t o  

inc lude  a s e r i a l   p a r i t y   c h e c k e r   w i t h i n   t h e  word mul t ip lexer  

p r i o r   t o   s t o r a g e   o f   i n p u t s   f r o m   t h e   d a t a   b u s .  The check 

would o n l y   i d e n t i f y   e r r o r s   t h a t   o c c u r r e d   i n t e r n a l   t o   t h e   d a t a  

processor ,  In addi t ion ,  a word counter would iden t i fy   unde r -  

flow and   ove r f low  e r ro r s   o r   t he  end of c l a s s   d a t a .  The e r r o r s  

would r e q u i r e  a dump  of t he   s to red   da t a  and  would issue a 

r e p e a t   c a l l   f o r   d a t a .  The end of  c l a s s   d a t a  would sequence 

t h e   c l a s s   m u l t i p l e x e r   t o   t h e   n e x t   c l a s s   d a t a   w i t h   a n   u p d a t e  

request. 

The process  would c o n t i n u e   u n t i l   a l l   c l a s s   u p d a t e   r e q u e s t s  

are   exhausted.  Then, t h e   c l a s s   m u l t i p l e x e r   i n h i b i t s   t h e   i n i t i a l  

s ta t ion   address   enable   which  frees t h e   d a t a  bus. The d a t a  bus 

c o n t r o l   s e l e c t s   t h e   n e x t   s c h e d u l e d   s t a t i o n   a d d r e s s  and r e p e a t s  

t he   p rocess .  

The ope ra t ions   pe r fo rmed   a t   each   s t a t ion  would be s i m i l a r   t o  

t hose   i n   t he   da t a   p rocesso r .   F i r s t   t he   r ece ived   s t a t ion   addres s  

wouldbe compared with  the  stored  address.   Disagreement would 



i n h i b i t   a l l   d a t a   i n t o   t h e   s t a t i o n   a s  well a s   t r ansmiss ions  

f rom  the   s t a t ion .  Upon d e t e c t i o n  of t h e   p r o p e r   s t a t i o n   a d d r e s s ,  

t h e   c l a s s   m u l t i p l e x e r  would be enabled. The r ece ived   c l a s s  

address   and   ins t ruc t ion   words  would gene ra t e   r equ i r ed   ga t ing  

and con t ro l   s igna l s   fo r   t r ans fe r   o f   da t a   be tween   t he   da t a   bus  

and s t a t i o n   b u f f e r   s t o r a g e .  

The ope ra t iona l   a spec t s   o f   t he   da t a  management and mul t ip lex ing  

techniques will provide a f l e x i b l e   r e s p o n s e   t o  GN & C 

System opera t ion .  The prominent   fea tures   inc lude   cen t ra l ized  

data  bus  scheduling and access   cont ro l ,   s imple  and e f f i c i e n t  

addres s   s t ruc tu res ,   da t a   ed i t i ng ,   and   ex tens ive   u se   o f  a few 

f u n c t i o n a l   c i r c u i t s   t h r o u g h o u t   t h e   d a t a  system. Development 

of a s t a n d a r d   g a t e d   s h i f t   r e g i s t e r ,  a word mult iplexer ,  a 32 

channel  multiplexer,  and a s tandard  dats  bus i n t e r f a c e  would 

s a t i s f y   t h e   f u n c t i o n a l   r e q u i r e m e n t s  and provide a s u b s t a n t i a l  

economy. The q u a n t i t y   o f   f u n c t i o n a l   c i r c u i t   t y p e s   f o r  20 addres- 

s ab le   s t a t ions ,   each   w i th  16 da ta   c l a s ses ,  and the   da ta   p rocessor  

would be 21 da ta  bus i n t e r f a c e s ,  41 mult ip lexers ,  640 word mult i -  

p l e x e r s ,  and  from 2000 t o   pe rhaps  4OOO g a t e d   s h i f t   r e g i s t e r s  f o r  

dedicated buffer s torage  of  2'I,OOO t o  40,900 bi t s .   Hal f  of 
t h e s e   q u a n t i t i e s  would b e   l o c a t e d   i n   t h e   d a t a   p r o c e s s o r .  

Redundancy considerations  could  perhaps be inco rpora t ed   i n   t he  
func t iona l   c i rcu i t   deve lopment   to   avoid   the   b ru te   force   approach  

of r e p l i c a t i n g   t h e   e n t i r e   f ' u n c t i o n .  Such cons idera t ions  will 
have subs t an t i a l   impac t  on the   even tua l   mu l t ip l ex ing  system 

s t r u c t u r e .  

The va r i ab le   da t a   fo rma t t ing  and t r a n s f e r   p r o c e s s  would proceed 

i n  a t imely and smoother manner than   p re sen ted   i n   t he   ope ra t iona l  
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discuss ion .  Assue f o r   t h e  moment a 20 b i t  i n t e r r o g a t e  word 
composed of a 5 b i t   s t a t i o n   a d d r e s s ,  a 5 b i t   c l a s s   a d d r e s s  and 

a 10 b i t   i n s t r u c t i o n  .word. I n   a d d i t i o n ,   a s m e  a 20 b i t   c o n t r o l  

word i s  transmitted  once  each  data  frame. The i n s t r u c t i o n  

word and c o n t r o l  word w i l l  be discussed  in   subsequent ,   paragraphs.  

Despi te   the  assumed quan t i ty   o f   i n t e r roga te  and con5ro l   b i t s ,   t he  

e f f ec t ive   i n fo rma t ion   r a t e   o f   t he   va r i ab le   da t a   fo rma t   r ema ins  

f a i r l y   h i g h .   T y p i c a l   d a t a   f o r m a t   c h a r a c t e r i s t i c s   f o r   s e l e c t e d  

1 way d a t a   t r a n s f e r s   a r e   l i s t e d   i n   T a b l e  10. 

The 1 way t r a n s f e r  of 2 MODE words r e p r e s e n t s   t h e  minjmum 

poss ib le   f rame time of 80 microseconds  and  has   the  least  

e f f e c t i v e   i n f o r m a t i o n   r a t e .  The 2 way t r a n s f e r   o f  MODE 

words  would be a more l i k e l y   p r o c e d u r e   f o r   e f f e c t i v e   d a t a  

processor   cont ro l .  A conf igura t ion  anA s t a t u s   u p d a t e  of 20 

s t a t ions   cou ld  ba achieved i n  about 3 mill iseconljs.  The 

s i n z l e   s t a t i o n   d a t a   t r a n s f e r   l i s t i n g   r e p r e s e n t s  a complete 

s t a t i o n   n p d a t e  and could  a lso  be  achieved  in   about  3 milli- 
seconds. The t r a n s f e r  of MODE da ta  and a s i n g l e   d a t a   c l a s s  

would  be a reasonzble  average  system  data  frame.  Applying 

this ave rage   t o  2Q s t a t i o n s   r e v e a l s   a n   a v e r a g e   d a t a  bus time 

occupancy  of 6 m i l l i s e c o n d s   f o r  a complete system update.  A 

zystem u p d a t e   r a t e   o f  10 per  seeon,.? co r re spon3s   t o  60 KBPS 

informat ion   ra te   which  i s  r e a s o n z b l y   c l o s e   t o   t h e  55 KBPS 
es t ima ted   i n   Sec t ion  2.  From these   f i gu res ,   t he   ave rage  

data  bus time occupancy  would be approximately 6%. On t h e  

average, 94% of   the   da ta   bus   capac i ty  would  be a v a i l a b l e  t o  
service  peak demands  and r e p e a t   t r a n s m i s s i o n s   f o r   e r r o r   c o n t r o l .  
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TABLE X.- TYPICAL DATA FORMAT CHARACTERISTICS 

Number of 20 B i t  Effect ive Data Frame Time 
Data Transfer Information  Rate (microseconds) Word Transmissions Data  Format 

2 MODE words In te r roga te  word 

- 20 1 Control word 
40 2 Data  words 
20 1 

80 0.50 MEIPS 

Single  data 

2 1 Control word words 
200 10 Data words c l a s s  o f  10 

20 1 In te r roga te  word 

240 Q.83 MEIPS 

2 MODE words 

10 words 
20 1 Control word da ta   c lass  of 
240 12 Data  words and a s ing le  
40 2 Interrogate  word 

Single   s ta t ion  In te r roga te  word 16 3 20 
data of 120 Data  words 

0.88 MBPS 2740 c l a s s e s  
2 1 Control word words i n  16 
2400 120 

- 
300 0.80 MBPS 



The e f f e c t i v e   i n f o r m a t i o n   r a t e s   l i s t e d   i n   T a b l e  10 vary  from 0.50 

Mf3PS t o  0.88 MBPS a s  a f u n c t i o n   o f   t h e   q u a n t i t y  of d a t a   t r a n s -  

f e r r e d .  It should   be   no ted   tha t   the   e f fec t ive   in format ion  

r a t e   i n c r e a s e s   a s   t h e   q u a n t i t y  of   da ta   increases ,   This  

d e s i r a b l e   f e a t u r e  results f rom  the   addres s   s t ruc tu re  employed. 

The s p e c i f i c  limit va lues   r e su l t   f rom  the   quan t i ty   o f   add res s ,  

i n s t r u c t i o n ,  and c o n t r o l   b i t s .  

3.4 Specia l   S igna ls  

The d a t a   f o r m a t   d i s c u s s i o n   t a c i t l y  assumed the   ex is tence   o f  

sync   s igna l s   fo r   f r ame ,  word,  and b i t  control .   These 

s i g n a l s  will be genera ted   whi le   the   da ta  i s  being  formatted.  

They  must  be t r a n s f e r r e d   i n  some form on t h e   d a t a  bus f o r  

c o n t r o l   a t   t h e   r e c e i v i n g   s t a t i o n .   S e c t i o n  2 j u s t i f i e d   u s e   o f  

a c lock   channe l   t o   t r ans fe r   b i t   sync   gene ra t ed   w i th in   t he   da t a  

processor .  With the   da t a   bus   con t ro l   l oca t ed   i n   t he   da t a   p rocesso r ,  

the  frame  sync would log ica l ly   be   gene ra t ed   t he re .  A data   f rame 

stsrts when the   s ta t ion   address   compara tor   ou tput   enables  

:rle s l a s s   m u l t i p l e x e r  and ends when t h e   m u l t i p l e x e r   i n h i b i t s  

s h e   m a b l e   s i g n a l .  Hence, t he   c l a s s   mu l t ip l exe r   enab le   s igna l  

\ J O U X  be a natural   f rame  sync.  

, .  

The frsme  sync  could be inse r t ed   i n   t he   c lock   channe l .  The 

minimum frame time of   80microseconds  corresponds  to  a Nyquist 

jandwidth  of 25KHz. The required  clock  channel  bandwidth will 
3e dependent on the  modulat ion  or   mult iplexing method  employed 

t c ,  inser t   the   f rame  sync .   These   subjec ts  w i l l  be  considered 

in   Sec t ion  4 .  
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Upon de tec t ion   of   f rame sync, e a c h   r e c e i v i n g   s t a t i o n  would be 

a l e r t e d   t o   t h e   s t a r t   o f  a data   f rame and e n a b l e   t h e   s t a t i o n  

address   for   compar ison   wi th   the   rece ived   address .  The frame 

s i g n a l  would be u s e d   e i t h e r   t o   i n h i b i t   s t a t i o n   t r a n s m i s s j o n  

o r  t o   e n a b l e   t h e   s t a t i o n   c l a s s   m u l t i p l e x e r   d e p e n d i n g  on t h e  

outcome of the  address  comparison. 

The word sync   s igna l s  w i l l  be gene ra t ed   a t   t he   da t a   sou rce  

These  signals  could be e i t h e r   i n s e r t e d   i n   t h e   c l o c k  

channel or uniquely  included  in   the  data   channel .   These 

p o s s i b i l i t i e s  will be cons idered   in   Sec t ion  4.  

An i n s t r u c t i o n  word was f requent , ly  men-hioned i n   t h e   d i s -  
cussion of da t a   fo rma t t ing .   Th i s  word would con ta in   con t ro l   i n -  

formation  needed  for  format,   multiplexing, and e r r o r   c o n t r o l  

of t h e   c l a s s   d a t a .  The i n s t r u c t i o n  word l i s t e d  i n  Table IO 
consisted  of 10 b i t s   a s s i g n e d   a s  below: 

4 b i t  c o n t r o l   i n s t r u c t i o n  

- Output   then  input   data  

- Input   then   ou tput   da ta  

- Output  data  only 

- Input   da ta   on ly  

6 b i t   c l a s s   d a t a  word q u a n t i t y  

The i n s t r u c t i o n  word  would serve many purposes.  By allowing 

t h e  word t o  be changed i n f l i g h t ,  a number of  necessary  and 
u s e f u l   f u n c t i o n s   c o u l d  be r e a l i z e d .  The c o n t r o l   i n s t r u c t i o n  

p rov ides   mu l t ip l exe r   con t ro l   i rdo rma t ion   a t   t he   sou rce  and 

d e s t i n a t i o n   s t a t i o n s   i n   t h e  modes l i s t e d .  
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The ' ou tpu t   t hen   i npu t '  and ' i npu t   t hen   ou tpu t '   i n s t ruc t ions  

command a feedback  communication mode and des ignz tes   the   source  

and   subsequent ,   loca t ion   of   da ta   compar isons   for   e r ror   cont ro l .  

The data   feedback mode w i l l  be the  naminal   operat ing mode t o  

p r o v i d e   e f f e c t i v e   e r r o r   c o n t r o l  (see Sec t ion  l,..3). The 

technique  does nL3t requi re   coding  b i t s  whose absence  throughout 

t he   d i scuss ion  may !lave been  noticed. It will, however, 

r e d u c e   t h e   e f f e c t i v e   i n f o r m a t i o n   r a t e s   l i s t e d   i n   T a b l e  10 by 

ono-half a s  a result  o f   t h e   r o u n d   t r i p   d a t a   t r a n s f e r .  The 

technj-que  requires  a spec ia l   con t ro l   s igna l to   e i the r   acknowledge  

o r   accep t   t he   da t a   t r ansmiss ions .   Th i s   s igna l  w i l l  be discussed 

below  and i n   S e c t i o n  4. 

The output   only '  an.? 1 i n p u t  on:.g' i n s t r u c t i o n s  would r e s u l t   i n  

a s ingle   forward   t ransmiss ion   on ly .   This   capabi l i ty  would be 

u s e f u l  for t ranzfer   o f   n , :m--cr i t ica l   da ta  and f a u l t   i s o l a t i o n .  

The c l a s s   q u a n t i t y   b i t s   c o n s t i t u t e  a means of   mult iplexing 

conbrol an,? underflow/overflow  checks a t   t h e   s o u r c e  and 

d e s t i n a t i o n   s t a t i o n s .   T h e s e   b i t s  would represent ,   the   quant i ty  

o f   da t a   words   i n   t he   co r re spond ing   da t a   c l a s s  and  would be 

i n   f i x e d  memory. The quan'city  of  data words t o  be t r a n s f e r r e d  

will be a u s e f u l   i n p u t   f o r   c o n t r o l  of t he   va r i ab le   da t a   fo rma t .  

The data  feedback  techni.que w i l l  r e q u i r e  a s p e c i a l   c o n t r o l  word. 

Th3 word.would  be  inserted a t   t h e  end of a d a t a   c l a s s   t r a n s f e r  

t o   s i g n t f y   t h e  end of  forward  transmissions an11  command t h e  

s t a r t  of  feedback  transmissions.  The word i n s e r t e d   a t   t h e  end 
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of feedback  transmissions  would  initiate  the  source  station 
decision  to  accept  or  reject .and repeat  the  transfer,  Acceptance 
would  be  acknowledged by retransmitting  the  control  word  once. 
Rejection  would  be  signalled  by a double  transmission  of  the 
control  word.  Possible  control  word  signals  are  discussed in 4.5. 

The  data  feedback  technique and control  procedure  provide  ‘alter- 
nate  capabilities  from  that  described.  Since  the  criticality 
of  the  data  class is known at  the  source  station,  the  forward 
transfer of non-critical  data  could  be  expedited  by  inserting 
two  consecutive  control  words  to  signal  acceptance.  Another 
possibility  would  be  to  edit  the  detected  errors  by  their 
location and signal  acceptance  dependent  on  significance  of  the  bit 
error.  These  procedures  could  be  used  only for non-critical  data, 
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Data  management  considerations  and  their  influence  on  the  data 
bus were  discussed.  Arguments  were  presented  that  justify 
assignment  of  the  data  bus  access  control  to the data  processor, 
The  centralized  control  of bus access  will  be  consistent  with 
automatic  mode  and  configuration  control  and  provides  a  basis 
for computer  control of  the  data bus station  schedule.  The 
station  hardware will be  simplified for  this  arrangement  since 
it  must  respond  only  when  interrogated,  The  interrogation 
word  would  include  the  station  address, 

The  effective  information  rate of five  distinct  address  structures 
were  listed  and  discussed.  The  most  desirable  address  structure 
consisted  of a station  address and a data  class  address  followed 
by  transfer  of  the  total  data  words  in  the  addressed  class.  The 
address  structure will be  compatible  with GN & C  System  operation 
since  several data words will be  updated in a single  station 
data  frame ' 

A particular  data  management  and  multiplexing  system  was  discussed 
to  indicate  the  operational  capability  that  could  be  realized 
from procedures  presented  in  this  report.  Circuit  details of 
the  system  were  not  included  althuugh  only four redundant 
functional  blocks  would  have  to  be  developed.  The  characteristics 
of  typical  data  formats  were  presented  for  the  station  and  class 
address  structure  and  assumed  error  control  techniques. A com- 
plete  configuration  and  status  update  of 20 stations  could  be 
achieved in about 3 milliseconds. A complete  update  of a typical 
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s t a t i o n   c o u l d   a l s o  be achieved i n  about 3 mil l iseconds.  

A t y p i c a l   s t a t i o n   t r a n s m i s s i o n   c o n s i s t i n g   o f   t h e  

t r a n s f e r   o f  2 MODE words  and a s i n g l e  10 word d a t a  
c l a s s  would require about 300 microseconds.  These  figures 

ind ica te   an   average   da ta  bus time occupancy  of  about 6% when 

s e r v i c i n g  20 s t a t i o n s .  An ave rage   e f f ec t ive   i n fo rma t ion   r a t e   o f  

about 0.80 MBPS would be r e a l i z e d   f o r   t h e   a d d r e s s   s t r u c t u r e  and 

assumed q u a n t i t y   o f   c o n t r o l  and s p e c i a l   b i t s .  The e f f e c t i v e  

i n f o r m a t i o n   r a t e   i n c r e a s e s   a s   t h e   q u a n t i t y   o f   t r a n s f e r r e d  

d a t a   i n c r e a s e s .  

Most o f   t he   da t a  management s u b j e c t s  were given  cursory 

treatment.   Consequently,   the  data management  and mult iplexing 

scheme may n o t   c o n s t i t u t e   t h e   e v e n t u a l  system employed i n   t h e  

SSV. The c i r c u i t   d e t a i l s  and  redundancy  requirements will 

c e r t a i n l y   i n f l u e n c e  and perhaps  form a c o n s t r a i n t  on d a t a  

management. The i n t e n t  and purpose of t he   d i scuss ion  was t o  

demonst ra te   an   opera t iona l   capabi l i ty  and t o   i n d i c a t e   s u p p o r t i n g  

s i g n a l s  and d a t a   t h a t  must  be t r a n s f e r r e d  on t h e   d a t a  hs. 

I n   a d d i t i o n   t o  GN & C System  data and address   information,  

s e v e r a l   s p e c i a l   s i g n a l s  and da ta  must  be t r a n s f e r r e d   o n t h e   d a t a  
bus. These   spec ia l   s igna l s  would be r e q u i r e d   f o r   d a t a   c o n t r o l  

and er ror   cont ro l   o f   the   da ta   t ransfer   p rocess .   These   s igna ls  

were i d e n t i f i e d   a s   f r a m e ,  word,  and b i t  syncs, a n   i n s t r u c t i o n  
word,  and a c o n t r o l   s i g n a l .  The func t ion  and c a p a b i l i t y   o f   t h e s e  

s p e c i a l   s i g n a l s  were discussed.  The techniques   for   mul t ip lex ing  

t h e   d a t a  and s p e c i a l   s i g n a l s  will be p resen ted   i n   Sec t ion  4. 
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4. DATA COMMlTNICATION TECHNI &vEs 

The pr imary  concern  for   the GN&C system d a t a  bus will be t o  

maintain a r e l i ab le   t r ans fe r   o f   da t a   be tween   s t a t ions .  The 

b a s i c   m e a s u r e   o f   d a t a   t r a n s f e r   r e l i a b i l i t y  i s  t h e  word e r r o r  

p r o b a b i l i t y .  Word e r r o r s  will ar ise   f rom  hardware   fa i lures  

and in t e r f e r ing   d i s tu rbances   encoun te red   i n   t he   ope ra t ing  

e n v i r o m e n t .  Hardware f a i l u r e s   c a n  be  minimized  by  employing 

the  simplest  communication  t,echnlque. However, these   t echniques  

a r e   t h e  m o s t   s u s c e p t i b l e   t o   i n t e r f e r e n c e .  It i s  appa ren t   t ha t  

t h e s e   c o n f l i c t i n g   f a c t o r s  must  be  compromised t o   p r o v i d e  a 

minimum a c c e p t a b l e   e r r o r   r a t e .  The conten- t s   o f   th i s   sec t ion  

eva lua te   the   per formance  and s u i t a b i l i t y   o f  communication  techniques 

i n  d i f fe ren t   envi ronments .  

4.1 Word E r r o r  Rates 

The occurrence   o f   s ing le  and m u l t i p l e   b i t   e r r o r s   d u r i n g   d a t a  

t r a n s f e r  must be an t i c ipa t ed   w i th   i nco rpora t ion  of e r r o r  

d e t e c t i o n  2nd cor rec t ion   measures   to   main ta in   an   acceptab le  

word e r r o r   r a t e .  The acceptable  word e r r o r   r a t e  depends on the 

na ture   and   consequences   o f   each   spec i f ic   da ta .   Cer ta in ly ,   a l l  

da ta  w i l l  be important and the  occurrence of data   errors   un, : les i rable ,  

N e v e r t h e l e s s ,   c r i t i c a l   d a t a  must  be s ing led   ou t   w i th in   t he  

t o t a l   d a t a  volume f o r   s p e c i a l   t r e a t m e n t .  The o b j e c t i v e  would 

be to   p rovide   an   acceptab le  word e r r o r   r a t e   f o r   t h e   t o t a l   d a t a  

wh i l e   employ ing   spec ia l   t echn iques   fo r   t r ans fe r   o f   c r i t i ca l   da t a ,  

These  techniques  inzure  that   the   occurrenze  of   unLimely and 

d i s a s t r o u s   e v e n t s  w i l l  be highly  improbable. 
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Critical  data  are  related to  crew  safety,  vehicle  integrity, 
and various  mission  success  criteria.  Crew  safety  would  be 
provided for in the  vehicle  capability  and  nominal  mission  plan. 
Failures  that  impair  vehicle  capability  and  large  deviations 
from  the  nominal  mission  would  jeopardize both crew  safety 
and vehicle  integrity.  Hence,  critical  data  would  consist  of 
vehicle  configuration  data,  operational  and  failure  data  of 
primary  vehicle  dynamics,  and  monitor  data  of  consummables. 
Relating  these  to  the  data  classes in  this  report, all MODE 

data will be  critical  while  other  classes  contain  critical  data 
only  in  Zertain  stations. 

A value f o r  acceptable  word  error  rates  can  be  obtained  from 
the  nominal  mission  timelines  and  the  signslling  rate.  Nominal 
timelinss  by  mission  phase  were  stated  in  Reference 9 for a 
7 day  mission and a 30 day mission.  These  timelines  are 
listed in  Table 11 in  accord  with  the  critical  or nm-critical 
activities  of  each  mission  phase.  The  critical  time  periods 
total 1.43 hours  or 0.85% of  the 7 day  mission  time  and 1.29 

hours  or 0.18% of  the 30 day mission  time.  These low operational 
duty cycles  indicate  critical  data  errors will be  more  likely  to 
occur  during a non-critical  phase. 

For a 20 bit  word  length and a signalling  rate  of 1 MBPS, an 
absolute  maximum  of 5x10 words/second.  can be transferred. 
Thus,  the  maximum  quantity  of  data  that  can  be  transferred  during 
the  total  mission  critical  time will be 2.56X10 words for  the 7 
day  mission  and 2.34X10 words  for  the 30 day mission.  Assuming 
that 1 word  error  during a critical  mission  time  period will be 
allowed in 1300 missions,  the  acceptable  word  error  probability 
would  be 3.9X10"2 an3 4.3X10"2'€or the  respective 7 and 30 day 
missions. 
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WI;E XI .- NOMINAL MTSSION TlMELINES ( R e f .  9)  
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A p p l y i n g   t h e s e   p r o b a b i l i t i e s   t o   t h e   m a x i m  words per   mission (1 .%X10 9 

words f o r   t h e   a c t i v e  11 hours  o f  t h e  7 day  mission and 1. 2%X101 words 

f o r  the 30 day  mission),   an  average of 1 word e r r o r   d u r i n g  100-7 day mis- 
s ions  and 1 word e r r o r   d u r i n g  2-30 day  missions would be expected. 

The word e r r o r   p r o b a b i l i t y  of was obtained  from very conservat ive 

a s sumpt ions   t ha t   r ep resen t  a worst   case.   Previous  considerat ions 

ind ica t ed   t he  LZ.7.t.3 5 - ~ s  would opera te  at abo7J-L 5% 3T zapacity  which 

reduces  the  expected word e r r o r   r a t e  b;r n l s c t o r  of s ix t een .   In  

addi.t.lon, w r j  o,'r>rz :.r::.:Se t a c i t l y  assumed t o   o c c u r   e q u n l l y   l i k e l y  

among a l l   d a t a .  On - t h i s   b a s i s ,   c r i t i c a l   e r r o r s  w m l d  occur i n  pro- 

p o r t i o n   t o   t h e i r   r a t i o  of t h e   t o t a l   d a t a .  By inco rpora t ing   t hese  

two f a c t o r s ,  a maximum word e r r o r   r a t e   o f  IO-'* would be  allowed t o  

s a t i s f y   t h e   s t a t e d   e r r o r   c r i t e r i a  and the  expected word e r r o r s   p e r  
mission. The IO-'' v a l u e   r e p r e s e n t s  a lower bound  on communication 

channel  performance. 

4.2 Channel   Error   Probabi i i ty  

A word e r r o r   p r o b a b i l i t y  of 1'3"O f o r  a 20 b i t  word could   be   jus t i -  

f i e d  by the   p reced ing   ana lys i s .  The word e r r o r   p r o b a b i l i t y  (P,) can 

be r e l a t e d   t o   t h e   c h a n n e l   b i t   e r r o r   p r o b a b i l i t y  (P,) by assuming 

each b i t  t o  be an   independent   Bernoul l i   t r ia l .  With this   assumption,  

t h e   p r o b a b i l i t y   o f   e x a c t l y  i b i t  e r r o r s   i n  a word can  be computed 

from the   B inomia l   d i s t r ibu t ion  

P ( i   b i t   e r r o r s   p e r  word) = (:) Pei (I-P )n-i e 
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where n i s  t h e  word l e n g t h  

n 
(i) = i! (n-i) ! 

n!  a re   B inomia l   coe f f i c i en t s .  

I n   g e n s r a l ,  a word e r r o r   r e s u l t s   f r o m  j or  more b i t  e r r o r s ,  and 

t h e  word e r r o r   p r o b a b i l i t y  w i l l  be 

n 
Pw = c (i) n Pe i (l-Pe)n-i .  

i= j 

Thus, t h e r e   a r e   b a s i c a l l y  two approaches to   ob ta in   an   accep tab le  

word. e r r o r   r a t e :  

1 .   minimize  the word e r r o r  subset s i z e  

2. min imize   the   channel   e r ror   p robabi l i ty .  

The f i r s t  approach  can 5e r e a l i z e d   b y   c o d i n g   t h e   d a t a   i n  a 

unique manner t h a t   a l l o w s   d e t e c t i o n   a n d   c o r r e c t i o n  of c e r t a i n  

e r r o r   p a t t e r n s .  Sink?e th i s   approach   requi res   encoding   an2  

decoding  equipment i n   a d d i t i o n   t o   t h e   b a s i c  communication 

equipment, it would be   p ruden t   t o  first determine  the  performance 

capab i l i t y   o f   t he   bas i c   equ ipmen t s   t o   e s t ab l i sh   t he   n sed   fo r   cod ing .  

For  unzoded  data, a word e r r o r   r e s u l t s  when a t   l e a s t  one b i t  

e r ro r   bccu r s .  Hen::e, t h e  uncoded word e r r o r   p r o b a b i l i t y  w i l l  be 

n 

i = l  
P W = c (2, Pe t   ( I  -Pe )n-i  
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o r  

Pw = nP f o r  nFe <<I.. e 

Hence, t h e  word e r r o r   p r o b a b i l i t y  w i l l  be  approximately  the 

product   of   the  word length  and  the  chanl le l  b i t  e r r o r   p r o b a b i l i t y .  

The expected  value o r  average b i t  e r r o r s   p e r  word i s  e x a c t l y  

e q u a l   t o   t h i s   p r o d u c t .  The d i s c u s s i o n   i n   S e c t i o n  2 i n d i c a t e d  

20 i n f o r m a t i o n   b i t s   p e r  word would be adequate   for   the   in format ion  

t o  be t ransfer red .   Thus ,   the  uncoded word e r r o r   r a t e  would r e q u i r e  

a c h a r e l  b i t  e r r o r   r a t e   o f  less than  5x10 . -1 2 

The channel b i t  e r r o r   r a t e  will be dependent on the  energy 

p e r   b i t ,   t h e   s i g n a l l i n g  and detect ion  technique,   and  the  channel  

c h a r a c t e r i s t i c s .  Two bas ic   models   o f   channel   charac te r i s t ics  

t h a t   a p p l y   t o   t h e  SSV data   bus  are:  

0 white,  Gaussian  channel (WGC) 

0 noise  burst channel (NBC) .  

L.2.1 White  Gaussian  Channel 

The WGC has  been  extensively  analyzed and r e p o r t e d   i n   t h e   l i t e r a t u r e .  

The c h a n r e l   e r r o r   p r o b a b i l i t i e s  f o r  amplitude,  frequen.:y and 

phase   sh i f t   keying   wi th   coherent   o r   non-coherent   de tec t ion   z re  

l i s t e d  on Table 12 an2  presented  as   Figure 8. A t  a given E/No, 

Pe d i f f e r s  by severa l   o rders   o f   magni tude   be tween  the   d i f fe ren t  

techniques.  However, a p a r t i c u a l r  Pe can  be  obtained with a l l  
of t he   t echn iques  by s imply   i nc reas ing   t he   s igna l  power 3 db   o r  

less when operating  above  about 10 db. The b i t   e r r o r   p r o b a b i l i t i e s  . 

f o r   l a r g e  E/No decrease   exponent ia l ly   wi th  E/No a s  l i s t e d  i n  

Table 12. A t  E/No of  16db, Pe var ies   f rom  about  I f 7  t o  IQ-l5.  An 
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TABU X I 1  .- B I T  ERROR PROBABILITY FOR A WHITE,  GAUSSIAN CHANNEL 

Signel ant? Detection  Technique 

Amplitude S h i f t  Keying (ASK) 

o Non-coherent, detect ion (3)  

o Coherent detect ion 

Frequency  Shift  Keying 

o Non-coherent detect ion 

o Coherent detect ion 

Phase S h i f t  Keyinz (PSK) 

o Differentmially  coherent (DPSK) 

o Bi-phase (BPSK) 

pe f o r   l a r g e  E/NO 

exp (-E/2No ) 
2 

ex13 ( -E/2No ) I exp ( -E/2No) 
2 2 

I, 

erf c (4 E/2Nd) I exp ( -E/2No) 
2 1 2\1nE/2N01 

I 

exp ( -E/NO ) 
" 

-t 
I 

exp ( -E/NO 
2 , 

erf c\lE/No r , exp ( -E/NO ) 
2 

Notes: 1. E i s  the  average  s ignal   energy  per   bi t .  
2. No i s  the   no ise  power p e r   u n i t  bandwidth 
3. Assumes an 3ptimum t h r e s h o l d   l e v e l   a t  J= 

\ \, 



I. pL 
J 

Figure  8.- B i t  e r ro r   p robab i l i t i z s   fo r   wh i t e   Gauss i an   channe l .  
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expec ta t ion   of  E/No g rea t e r   t han  20 db  on t h e   d a t a  bus would 

be  reasonable.  A t  t h i s  level, t h e  word e r r o r   r a t e  would be 

r ea l i zed   w i thou t   cod ing   i n  a WGC, 

4.2.2 Noise  Burst  Channel. 

Unfortunately,   the   white ,   Gaussian chanaal model i s  u m e l i a b l e  

a t  such a high E/No as  evidenced  by  reported  measurements  of 

hardwired  digital   data  communication systems i n   t h e   l i t e r a t u r e .  

The measurements   revea l   l a rge   energy   burs t s  will o c c u r   f a r  more 

f r equen t ly   t han   expec ted   i n  a WGC. The Bel l  System Technical 

Jou rnz l   con ta ins  a wealth  of  information  on burst e r r o r   s t a t i s t i c s  

o f   t e l e p h o n e   t o l l   l i n a s  (Ref. IQ) . A l t h o u g h   t h e s e   b u r s t   s t a t i s t i c s  

do n o t   a p p l y   d i r e c t l y   t o   t h e   d a t a   b u s ,  it would be  reasonable  

t o  assume t h a t  burst e r r o r s  w i l l  occur  and limit data   bus 

performance.  These  noise  bursts would be  electro-magnetically 

coupled  onto  the  data   bus  l ine  f rom  radar  pulses, keyed d a t a  

t r a n s m i s s i o n s ,   e l e c t r i c   a c t u a t o r s ,  and e l e c t r i c a l  power t r a n s i e n t s .  

The e lec t ro-magmtic  (EM) s u s c e p t i b i l i t y   o f   t h e   d a t a   b u s  will 
c e r t a i n l y  be c o n t r o l l a b l e  by EM design  considerat ions.   Nevertheless ,  

a sh i e ld   b reak   o r  a f au l ty   g round ,   fo r   example ,   cou ld   r e su l t   i n  a 

severe'EM  environmen-'c, t ha t   s e r ious ly   deg rades   o r  limits d a t a  

bus performance. For these   reasons  and t h e   f a c t   t h a t   a d e q u a t e  

<:; igaal power  overcomes l i m i t a t i o n s   o f   t h e  WGC, d a t a  bus performanze 

cm 5 no i se   bu r s t   channr l  (NBC) will be important.  

The p r imary   cha rac t e r i s t i c s   o f  a NBC a r e   s t a t i s t i c s  of t h e   b u r s t  

i n t e rva l ,   t he   bu r s t   du ra t ion ,   t he   bu r s t   ene rgy ,  and t h e   b u r s t  

energy  spectrum.  These  data  do  not  exist an;.: w i l l  n;.t be   ava i l ab le  

f o r   t h e  SSV EM environnleni; f o r  some time. Ins tead  of specula t ing  on 

t h e s e   d a t a ,  it would  be d e s i r a b l e   t o   r e l a t e   b u r s t   p a r a m e t e r s   t o   c h a n n e l  
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e r r o r   r a t e  from  which  trends  can be ex t rapola ted ,  The d e s i r e d  

r e l a t i o n s  were publ ished by Engel  and w i l l  be summarized 

below  (Ref. 11 ). 

Engel computed t h e   c o n d i t i o n a l   e r r o r   r a t e   f o r   t h e   a v e r a g e  number 

of b i t   e r r o r s ,   g i v e n   t h a t  a no ise  burst has   occu r red ,   fo r   s eve ra l  

s igna l l i ng   t echn jques   sub jec t   t o   an   ave rage  power c o n s t r a i n t .  

The computations were performed f o r  a burst   energy  spectrum 

determined  by a band-limited  channel  and  with  burst   amplitude 

desc r ibed   by   t he   p robab i l i t y   dens i ty   func t ion ,  
U 

where 

K i s  the   burs t   ampl i tude  

KO i s  a reference  ampli tude  chosen  such  that   only  larger   burst  

CY i s  a parameter   o f   the   channel   burs t   charac te r i s t ic .  

ampl i tudes   cause   e r rors  

These   burs t   ampl i tude   s ta t i s t ics   cor respond  reasonsbly  well  t o  

measurement   data   of   te lephone  l inss  where the  parameter  CY was found 

t o  be cons tan t   for   any   par t icu lar   chann51 and with a v a r i a b l e  

magn-itude of 1 t o  2.5 from  channol t o  channel. A l a r g e  CY 

cor re sponds   t o  a channel   wi th  a small  percentage  of  high  amplitude 

bursts which results i n  G l ow  con? i t iona l   e r ro r   r a t e .  A small  CY 

co r r e sponds   t o  a c h a n ~ ~ ~ ~ l  wi th  a large  percentage  of   high  ampli tude 

bursts   which results i n  a h i g h   c o n d i t i o n a l   e r r o r   r a t e .  The va lue ,  

G I ,  represent ,s   an  inf ini te   average  energy  per   burst   which 

forms a lower boun.:!  on CY and  an ixpper bound on t h e   c o n ? i t i o n a l   e r r o r  

r a t e .  The d i s t r ibu t ion   o f   no i se   bu r s t   ampl i tudes  i s  p l o t t e d   i n  

Figure 9 f o r  -1, 2, 3. 
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Figure 9.- Distribution of noise burst  amplitudes. 



I 

For a normalized burst envelope ,   the   burs t   energy   equals   the  

burst   ampli tude  squared,   an3  the minimum bur s t   ene rgy   r e fe renze  will 
be 

2 
e o  = KO . 

Measured burst da ta   r evea l s   t he   ave rage   i n t e rva l   be tween  bursts 

t o  be much g r e a t e r   t h a n   t h e  burst dura t ion  so t ha t   ove r l app ing  

b u r s t s  would be   improbable .   In   addi t ion ,   these   da ta   ind ica te  

the   bu r s t   i n t>e rva l s   t o   be   approx ima te ly   Po i s son   d i s t r ibu ted   w i th  

parameter 

average number of bwsts with  energy >E 
B =  0 

u n i t  time 

With these   obse rva t ions ,   t he   channe l   e r ro r   p robab i l i t y  w i l l  be a 

func t ion   of  a ,  B ,  E and E, t he   ave rage   s igna l   ene rgy   pe r   b i t .  

Since Pe i s  the  average  nxnber of b i t   e r r o r s   p e r   b i t   t r a n s m i t t e d ,  

the  average number of b i t   e r r o r s   p e r  burst i s  the   con2 i t iona l  

e r r o r   r a t e   g i v e n  by, 

0' 

D 

where T i s  t h e   b i t   p e r i o d .  

Engels  proceeded t o   c a l c u l a t e  % of   severa l   s igna l l ing   t echniques  

f o r :  

1. A r a i sed   cos ine   da t a  pulse spectrum 

2. A cons tan t   no i se  burst spectrum i n   t h e  ban12 of i n t e r e s t  

3. A r e c e i v e r  f i l t e r  t h a t  minimized N f o r  -1. 
- 

and 

4. A l i n e a r  f i l t e r  phase   cha rac t e r l s t i c .  

The r e s u l t s   a r e   l i s t e d   i n   T a b l e  13 an? p l o t t e d   i n   F i g u r e s  IO, 

11, and 12. 
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TABU XI1I.e CONDITIONAL BIT ERROR PROBABILITY FOR A NOISE BURST C H A m L  
(Ref. 11) 

Signzl - and Detection  Technique 

Amplitude S h i f t  Keying 

o Non-Coherent Detection 

Frequensy S h i f t  Keying 

o Coherent  Detection 

Phase S h i f t  Keying 

o D i f f e r e n i i a l l y  Coheren-l. 

o Bi-phase 

CY= 1 

E 0.455 (F) 0 

c Y = 2  

E 

0.392 (F) 0 2  

8 0 2  
0.0545 (6) 

a , = 3  

0.586 (6) €0 3 

0.480 €0 3 

0.0302 (7) € 0  3 
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I 

Figure  10.- Condi t iona l  b i t  error p r o b a b i l i t y  of a n o i s e   b u r s t  channel fo r  a = 1. 



Figure  11.- C o n d i t i o n a l   b i t   e r r o r   p r o b a b i l i t y  of a n o i s e   b u r s t   c h a n n e l   f o r  a = 2 .  
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2r) 25 

Figure 12.- Conditional b i t  error p r o b a b i l i t y  of a noise b u r s t  channel f o r  a = 3 .  
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Comparison  of  these resu l t s  wi th   t he  WGC i n   F i g u r e  8 f o r  Nme 

i n d i c a t e s   t h e  NBC e r r o r s  w i l l  dominate a t   h i g h  E/No ( o r  E/eO) 

a s   i n i t i a l l y   s t a t e d .  The f igu res   a l so   demons t r a t e   t he   change   i n  

N f o r   d i f f e r e n t   s i g n a l l i n g  and d e t e c t i o n   t e c h n i q - e s  will n o t  

be a s   s i g n i f i c a n t   a s   t h e   d i f f e r e n c e   i n  Pe o f   t he  WGC. A 

reduct ion  of  by a f a c t o r   o f  3.5, 8 ,  and 20 fo r   chanr . e l s  

with CY = 1, 2, and 3, r e s p e c t i v e l y ,   r e p r e s e n t   t h e  improvement 

obta ined   form  the   choice   o f   s igna l l ing  and de tec t ion   t r chn iques  

for   an   average  power constraint .   Equivalent  performance  between 

the   t echniques   can   be   rea l ized   by   increas ing   the   average   s igna l  

power by 5.5 db, 4.5 db,  and 4.3 d b   f o r   t h e   r e s p e c t i v e   c h a n n e l s .  

The average power pe r fo rmance   r a t ing   o f   t he   d i f f e ren t   s igna l l i ng  

techniques  on a NEX a r e   i d e n t i c a l   t o   t h e i r   r a t i n g  on a WGC. The 

c h a n n e l   e r r o r   r a t e  w i l l  be a m i n i m   f o r  bi-phase PSK and a maximum 

f o r  non-coherent,  detection  of ASK. 

0 

- 

The s ignif ican2e  of   the  preceding  remarks  centers   around  the 

f a c t   t h a t   t h e   c h a n n e l   e r r o r   r a t e  of  the  most complex s i g n a l l i n g  

technique can be rea l ized   wi th   the   s imples t   t echnique  by 

i n c r e a s i n g   t h e   s i g n a l  power less  than c db. Th,? s u i t a b i l i t y  of 

i n c r e a s i n g   s i g n a l  power w i l l  be constrainzd by t h e  maximum power 

output   o f   ava i lab le   devices  and  dependent  on  the  burst  parameters, 

CY, B ,  and cq .  The r e s u l t a n t   c h a n n e l   e r r o r   r a t e  of bi-phase PSK 

and non-coherent ASK a r e  shown i n   F i g u r e   1 3  f o r  tk upper bound 

of  =I and se l ec t ed   va lues   o f  P .  Although  an E/co of 30 d b  

would be considered a h i g h   q u a l i t y   c h a n n e l ,   t h e   c h a n t e l   e r r o r  

r a t e  would range  from t o  Ir)-' a s   t he   channe l  burst r a t e  

degraded  from .01 t o  1QO. Thus, it would  be p o s s i b l e   t o   o b t a i n  

t h e   d e s i r e d  word e r r o r   r a t e   w i t h o u t   c o d i n g   o n l y  i f  the  channel  

burst r a t e  was on the   o rde r   o f  .001. The low  value seems 

u n l i k e l y   f o r   t h e  SSV EM environment. In   absence  of  a s p e c i f i c  
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channel   descr ip t ion ,  it will b e   n e c e s s a r y   t o   a n t i c i p a t e   b u r s t  

e r r o r s  and  employ some form  of   e r ror   cont ro l .  

4.3 Error  Control  Techniques 

The p r o b a b i l i t y   o f  a word e r r o r  was g i v e n   a s  

Pw = c (i) Pe (l-Pe)n-i 
11 n i 
i= j 

w i t h   t h e   a s s u m p t i o n   t h a t   c h a n n e l   b i t   e r r o r s  were intzependent. The 

assumption i s  quest ionable  on a burst channel  where  several  

consecut ive b i t  e r r o r s  will occur  due t o  a s i n g l e   n o i s e   b u r s t .  

&thematical   models  of burst channels  have  been  developed 

t h a t   c o r r e l a t e  well with  measured  data (Ref. 12, 13, 14). These 

models w i l l  no t   be   d i scussed   s ince   ce r t a in  model parameters 

a re   empir ica l ly   ob ta ined   f rom  measured   da ta   tha t   does   no t  

e x i s t   f o r   t h e  SSV. The d iscuss ion   here  will inc lude   s eve ra l  

e r r o r   c o n t r o l   t e c h n i q u e s ,   t h e i r   a t t r i b u t e s ,  and t h e i r   s u i t a b i l i t y  

f o r  use on   the  GPIPEC d a t a  bus. 

The spec i f ic   t echniques   to   be   d i scussed   a re :  

1 .  Majori ty   vote   of   independent   channels  

2. Majori ty   vote   of   redundant ,   t ransmissions 

3. Er ro r   de t ec t ion   ccd ing  

4.  Erro r   co r rec t ion   cod ing  

5. Er ror   de tec t ion   coding/ re t ransmiss ion  

6.  Data  feedback 

The mot iva t ion   fo r   employ ing   e r ro r   con t ro l  i s  t o  improve t h e  word 

e r r o r   r a t e   b e t t e r   t h a n  '(;hat obtainzble   f rom the bas ic   channel   e r ror  

r a t e ,  A r a t i o n a l   c r i t e r i a   f o r   s e l e c t i n g  a pa r t i cu la r   t echn ique  

80 



wGuld  be  to  obtain  the  highest  reliable  information  rate  that 
involves  the  least  equipment  complexity.  The  effectiveness  of 
each  technique  can  be  determined on a  probabilistic  basis as 
reported in Appendix B. The  basis  1-ecognizes  the  fact  that  only 
three  possibilities  exist for received  and  processed  data: 

0 correct  information i s  outputted 
0 incorrect  information is outputted 
0 information is rejected. 

Of  these  possibilities,  only  the  correct  information  output 
is desired.  Hence,  its  probability  should  be  maximized an3 the 
probability  of  outputting  incorrect  inrormation  should  be 
minimized. The  possibility  of  rejecting  information  requires 
some  criteria  of  asceptance  which  is  obtained  either  by  processing 
the  received  data  with  a known coded  structure  or  by  comparison 
of  the  recieved  data  with  the  transmitted  data.  In  general, 
these  techniques  function  to  increase  the  probability  of 
rejecting  instead of outputtingircorrect  data.  Since  the  data  must 
be  outputted,  rejecting  data  is  unzcceptable.  However,  rejected 
data  would  be  cause  for a retransmission  with  hopes of receiving 
it  in an acceptable  form.  The  repeat  transmissions  represent an 
exchange  of  bus  capacity  for  reliable  information.  The  effectiveness 
of each  error  control  technique  is  discussed  below  and  summarized 
in  Tables 14. and 15. A knctional diagram  of  these  techniques 
is presented in Figure 14. 

4.3.1 Majority  Vote of Independent  Channels 

The  requirement  for  redundant.  channels  can  be  utilized to  improve 
the  word  error  rate  if  channel  errors  occur  independently. A 

degree  of  indepen3ence  could  be  obtained  by  employing  different 
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m ChanLel m 

A. Direct   Data   Transmission 

B. 

m 

Majority  Vote of Independent  Channels 

m Voter  
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r o u t e s   f o r   e a c h   r e d u n d a n t   l i n e .  The uncoded  information would 

be passed thru each  channel  with a b i t  by b i t  m a j o r i t y  rule  p r i o r  

t o   ou tpu t .   Fo r   t h ree   channe l s ,   t he  effective output  b i t  e r r o r  

r a t e  will be 

Since   there   can  Ye no i n d e c i s i o n   f o r  odd channel   vot ing,   data  

cannot be r e j e c t e d .  Hence, the   t echnique   func t ions   to   improve  

t h e   e f f e c t i v e   o u t p u t  b i t  e r r o r   r a t e  wh ich   i nc reases   t he   p robab i l i t y  

o f   ou tpu t t ing   co r rec t   i n fo rma t ion .  The s o u r c e   r a t e  alld s i g n a l l i n g  

r a t e  would be i d e n t i c a l  sin:;e t h e r e   a r e  n.2 t ransmission  delays.  

The technique  has  minimal  hardware  requirements  consisting  of 

v o t i n g   l o g i c   a t   r e c e i v i n g   s t a t i o n s .  

The use fu lness   o f   t h i s   t echn ique  i s  t o t a l l y  depen(-?ent on c h m n e l  

independence.  Obtaining  in,jependence  through  cable  routing  alone 

would be  of l i m i t e d  s u c c e s s   s i n c e   e a c h   l i n e   m u s t   e n t e r   a l l  elec- 

t r i c a l l y   a c t i v e   v e h i c l e   s t a t i o n s  an?  couple   into  each  data  

bus i n t e r f a c e .  In  add i t ion ,   t he   t echn ique  i s  extremely s e n s i t i v e  

t o   c h a n n e l   f a u l t s .  

4,3.2 Ma j o r i i y   V o t e  of Redundant  Transmissions 

A more p r e d i c t a b l e  method o f   ach iev ing   i ndependen t   b i t   e r ro r s  would 

be t o   r e d u n f z a n t l y   t r a n s m i t   t h e   d a t a   s e r i a l l y   i n t o   s t o r a g e   a t  

t h e   r e c e i v i n g   s t a t i o n   f o r  b i t  by b i t  ma jo r i ty   vo t ing  of a l l   r e c e i v e d  

da ta .  Th? channel  independence would resul t  f rom  the  time d i v e r s i t y  

t ransmissions.  Although t h e   o u t p u t   p r o b a b i l i t i e s   f o r   t h r e e  

t ransmissions would be i d e n t i c a l   t o   t h o s e   o f  4.3.1, they  could  be 

r ea l i zed   w i th  more confidence.  However, t h e   s o u r c e   r a t e  would 
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have t o  be buf fe red   s ince   t he   t h roughpu t   r a t e  would be only  ons- 

t h i r d   o f   t h e   s i g n a l l i n g   r a t e .  The t echn ique   r equ i r e s  buffer 

s t o r a g e   a t   t h e   s o u r c e  and receiver s t a t i o n   i n   a d d i t i o n   t o   b i t  

v o t i n g   l o g i c   a t  receiver s t a t i o n s .  

The use fu lness   o f   t h i s   t echn ique  i s  l i m i t e d  by t h e   s u b s t a n t i a l  

l i m i t a t i o n   i n  ‘c.hroughput r a t e .  Al though  o ther   t echniques   u t i l i ze  

data   bus  capaci ty  more e f f i c i e n t l y ,   t h i s   t e c h n i q u e  would r e q u i r e  

l i t t l e  hardware. 

4.3.3 Error   Detect ion Coding 

By t r ansmi t t i ng   encoded   da t a ,   t he   occu r rence   o f   ce r t a in   e r ro r   pa t -  
t e rns   can  Se de tec ted   wi th   subsequent   re jec t ion   of   the   da ta .  The 

t echn5 .que   fune t ions   t o   l ower   t he   p robab i l i t y  of o u t p u t t i n g   i n c o r r e c t  

in formatmion   by   re jec t ing  it i n s t e a d .  No improvement i n   c o r r e c t  

output   information i s  r e a l i z e d .  The e r r o r   d e t e c t i o n   z a p a b i l i t y  

i s  a f u n c t i o n  : I f  t h e  number of  coding  or  check b i t s  t ransmi t ted  

w i t h   t h e   d a t a ,  To p r o v i d e   s u f f i c i e n t   e r r o r   d e t e c t a b i l i t y   a n ?  

maintain a high  Lhroughput  rate,   blocks  of  data  must be encoded. 

The technique   requi res   an   sncoder   a t   the   source   s ta t ion  and a 

decodw  wi th   b lock   s to rage   a t   t he   r ece ive r   s t a t ion .  

The use fu lness   o f   t he   t echn ique  i s  l i m i t e d  by t h e   r e j e c t i o n  ,:If d a t a ,  

t h e   l a c k   o f  improvement, i n   o u t p u t t i n g   c o r r e c t   d a t a ,  and t h e   e r r o r  

d e t e c t i o n   c a p a b i l i t y   o f   t h e   c o d e .  

4.3.4 Error   Correc t ion  Coding 

By proper ly   encoding   da ta ,   rece ived   e r rors   can   be   de tec ted   an?  

c o r r e c t e d .  The technique   fun- t ions   to   lower   the   p robabi l i ty  of‘ 
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o u t p u t t i n g   i n c o r r e c t   d a t a  by c o r r e c t i n g   c e r t a i n   e r r o r   p a t t e r n s  

w h i l e   d e t e c t i n g   a n 2   r e j e c t i n g   o t h e r   e r r o r   p a t t e r n s .   E r r o r  

c o r r e c t i o n   c o d e s   r e q u i r e   s u b s t a n t i a l l y  more coding  bi ts   than  needed 

f o r   d e t e c t i o n  w h i c h   l e a d s   t o  a compromise be tween  e r ror   cor rec t ion  

c a p a b i l i t y  and throughput   ra te .  The technique   requi res   an   encoder  

a t   t h e  source s t a t i o n   ( c o m p a r a b l e   t o   t h a t .   n e e d e d   f o r   e r r o r   d e t e c t i o n  

encoding)  and a r e l a t i v e l y  complex decoder  with  computation ':spa- 

b i l i t y   i n   a d d i t i o n   t o   b l o c k   s t o r a g e   a t   r e c e i v e r   s t a t i o n s .  The 

use fu lness   o f   t he   t echn ique  i s  l i m i t e d  by the  high  redundancy 

a lways   t r ansmi t t ed   t o   co r rec t   e r ro r s   shou ld   t hey   occu r .   In  

a d d i t i o n ,   t h e   c o r r e c t i o n   c a p a b i l i t y  i s  dependent  on  the  occurrence 

of c e r t a i n   e r r o r   p a t t e r n s  wh ich   r equ i r e s   r e l i ab le   i n fo rma t ion  

abou t   channe l   cha rac t e r i s t i c s .  A channcl   that   degrades beyond 

t h e   c o d e   c o r r e c t i o n   l i m i t a t i o n s   g e n e r a l l y   r e s u l t s   i n   d e c o d i n g  

e r ro r s   t ha t   appea r   a s   add i t ions1   i nco r rec t   ou tpu t   i n fo rma t ion ,  

4.3.5 Error  Detection  Coding/Retransmission 

T h i s   t e c h n i q u e   i n c r e a s e s   t h e   p r o b a b i l i t y   o f   o u t p u t t i n g   c o r r e c t  

information  by  employing  an  error   detect ion  code  with  correct ion 

by  re t ransmission.  The technique  offers   the  lower  redundancy  of  

an error d e t e c t i o n  zode w i t h   g r e a t e r   c a p a b i l i t y  f o r  c o r r e c t i o n  

than  o 'btaincble   f rom  error   correct ion  coding.  The da ta  i s  encoded, 

a s s ignad   t o   bu f fe r   s to rage  and t r ansmi t t ed   f rom  the   sou rce   s t a t ion  

t o   t h e   r e c e i v e r   s t a t i o n .  The rece ived   da ta  i s  decoded  while 

s e a r c h i n g   f o r   e r r o r   p a t t e r n s .  If no e r ro r   pa t t . e rns   a r e   de t ec t ed ,  

the   in format ion  i s  output ted .  By employing a block  code, 

reasonable   assuran-e  can be   p rovided   tha t   the   ou tput ted   da ta  
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d o e s   n v t   c o n t a i n   e r r o r s  and t h e r s f o r e  i s  co r rec t .   I n   t he   even t  

o f   e r r o r   d e t e c t i o n ,   t h e   d a t a  would be r e j e c t e d  and a r e p e a t  

t ransmiss ion  1-equest i s s u e d   t o   t h e  source. The source 

would c a l l   t h e  encoded  data  from buffer s torage  and i t e r a t e  

t he   t r ansmiss ion  cycle. 

I n   a d d i t i o n  t o  the   encoder  and  decoder,  hardware f o r   t h e  

fo l lowing   funAions  would be  needed: 

1. Spec ia l   s igna l   t o   acknowledge   co r rec t   r ecep t ion  

2. S p e c i a l   s i g n a l   t o   r e q u e s t  a repea t   t ransmiss ion  

3 .  B u f f e r   s t o r a g e   a t   b o t h   s t a t i o n s  

4. A reques t   counter   tha t   a la rms  a bus t i e -up  

The usefu lness   o f   the   t echnique  i s  l i m i t e d  by t h e   e f f i c i e n c y  

of t h e   e r r o r   d e t e c t i o n  node, the   reduct ion   of   th roughput   ra te  

on a poor  channel, an.3 the   spec ia l   ha rdware   needed   fo r   t he  

r e p e a t   c a p a b i l i t y .  

.G..3.6 Data  Feedback 

The most   pos i t ive   t echnique  of ou tpu t t ing   co r rec t   i n fo rma t ion  

employs  data  feedback. The un,:oded source   da ta  is  p laced   i n  

buffer s torage  and t r a n s m i t t e d   t o   t h e   r e c e i v e r .  The r e c e i v e r  

s t a t i o n   p l a c e s   t h e   d a t a   i n   b u f f e r   s t o r a g e  and f eeds   t he   da t a   back  

t o   t h e   s o u r c e .  The feedback  data  i s  compared wi th   t he   s to red   da t a  

t o   d e t e c t   e r r o r s .   I n   t h e   a b s e n z e   o f   e r r o r s ,   t h e   s o u r c e   s i g n a l s  

t h e   r e c e i v e r   t o   a c c e p t  i t s  s to red   da t a .   In   t he   even t   o f   an  

e r ro r   de t ec t ion ,   t he   t r ansmiss ion   cyc le  i s  i t e r a t e d .  The techylique 

does   no t   r equ i r e  en::oders  and decoders and  can be implemented 

with  the  fol lowing:  

1 .  B u f f e r   s t o r a g e   a t   b o t h   s t a t i o n s  
2. A b i t  comparator a t   t h e   s o u r c e   s t a t i o n  
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3. An flAcknowledge/.Acceptff s i g n a l  

4.  A r e t r ansmi t   coun te r   t ha t   a l a rms  a bus t ie-up.  

The u s e f u l n e s s  of' the   t echnique  i s  l imi ted   by   the   feedback  

t ransmiss ion  L l f  t he   da ta ,   which   lowers   the   th roughput   ra te  on 

a poor  channel. 

4.3.7 Evaluation  of Error Control  Techniques 

The effectivencsss and a t t r i b u t e s  of the   e r ror   contso l   t echn- iques  

a r e   l i s t e d   i n   T a b l e s  14 and 15  for  comparison. An e v a l u a t i o n  of  

t hese   t echn iques   fo r   u se  on t h e  GN&C system d a t a   b u s   r e s u l t s   i n  

the   o rder   o f   p reference   en tered   in   Table   15   and   jus t i f ied   be low.  

Error detec t ion   coding   a lone  would n o t  be acceptable  due t o  t h e  
r e j e c t i o n  and  subsequent l o s s  of  data.  

Although er ror   cor rec t ion   . -od ing   provides  some improvement i n  

output t ing   cor rec t   in format ion  and r e d u c e s   t h e   p r o b a b i l i t y  of 

r e j e c t i n g   d a t a ,   t h e  complex  decoding  and  dependence on channel 

c h a r a c t e r i s t i c s   e l i m i n e t e s   t h i s   t e c h n i q u e .  

A major i ty   vo te  of indepen3ent  channols would provide  acceptable  

performance i n  normal  operation. The performanze  could  not 

be  mai.nhl;ned i n  a f a u l t   c o n d i t i o n   t h a t   c a u s e s   t h e  loss of a re- 
dun2ant  channel o r  coup les   i n t e r f e rence   i n to  a major i ty   of   channels .  

The p o o r   f a u l t   t o l e r a n c e  of t h i s   t e c h n i q u e   r e n d e r s  it unacceptable 

s inze   an   a l t e rna te   t echn ique  would be requi red .  
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TABLE 14.- EFFECTIVENESS OF ERROR CONTROL  TECHNIQUES ON A GAUSSIAN C=L* 

E r r o r  de t ec t ion  

re t ransmiss ion  

O l f o !  
coding and feedback 

Er r  o r  
c s r r ec t ion  
" coding - 

1 

Channel 
Er ror  
Rate 

2 %3Pe 
I 
I I pe 'e 'e 'e 

I I 

t Correct I I 
' Output Rate I l-mPe 
i (PC) i 1-3mPe 1 l-3mPe 

2 2 

'r 
Inco r rec t  1 I 

I 
3mPe2 j 3mPe2 nPe LI -PdJ 

nPe*P 
d 

I 
! NONE Reject  Rate 

(PR) 
NONE 

N O I E  t2mP e ( 1 - 2 - h ) I t  Noh2 NONE NONE 

I 

Reliable   (1  -ee) 
Information - 
Rate (F) T 

1 -nP 1 -nFejl -P .P 

n/m * T n/m T 
e c/d  d. 

'+See Appenijix B f o r   d e r i v a t i o n s  and d e f i n i t i o n s .  



TABLE 13.- ATTRIBUTES OF ERROR CONTROL TECHNIQUES 

Data 
feedback 

Err o r  

re t ransmission coding 

Error   det ,ect ion 
co r rec t ion  coding and 

YES YES 

YES 

t ransmission)  
(Repeats 

NO 

MODERATE Normally High 
but chanr-el 

dependent 

FIXED V ARI ABLE 

Simplex Duplex 

HIGH ADAPTIVE 

HIGH 

Hardware Complex Decoder 

Requires High  Redundancy 

MODERATE 

Code  and Auxiliary 

c, 2 

Majori ty  vote 
of  reduns-?ant 
t ransmissions 

Err or 
detec t ion  

coding 

NO 

YES 

Ma j o r i t y   w t e  
of independent 

chanre ls  

Increases  
Correct  
Output 

YES YES YES 

Rejec ts  Data NO NO NO 
(Repeats 
t ransmission)  

Throughput 
Rate 

HIGH LOW HIGH Normally Moder- 
a t e  but chann.31 

depen8.7ent 

Transmission 
Delay 

NONE FIXED VARIABLE NONE 

Simplex Chaw e l  Type Mult iple  
Simplex 

Duplex Simplex 

~~ ~ 

MODERATE 

MODERATE 

Rejec ts  
Data 

Dependen-e on 
channel Char- 
a c t e r i s t i c s  

Complexity 

L imi t a t ions  

HIGH MODERATE ADAPTIVE 

LOW LOW 

Channsls Must 
Be Independent 

MODERATE 

Moderate 
Throughput 

Rate 

1 

Low 
Throughput 

Rate 

Order of 
Pref   e ren  !e 

4 3 6 
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A major i ty   vo te   o f   redundant   t ransmiss ions  i s  an   a t t r ac t ive   can -  

d i d a t e   d u e   t o  i ts  hardware  simplicity.  The technique   of fe rs  

an  exchange  of bus c a p a c i t y   f o r   d a t a   r e l i a b i l i t y  on a s i n g l e  

o p e r a t i o n a l   l i n e .  The number of  redundant,   transmissions  required 

would be  dependent  on t h e   c h a n n e l   e r r o r   r a t e .  An m t p u t t e d  word 

e r r o r   r a t e  of IO-'' f o r  a 20 b i t  block would r e q u i r e  3 redun3ant 

t r a n s m i s s i o n s   f o r  chann.51 e r r o r   r a t e s   u p   t o   1 3  and 5 redundant 

t r a n s m i s s i o n s   f o r   c h a n n e l   e r r o r   r a t e s   u p   t o  IO-'. The a t t e n d a n t  

r educ t ion   i n   t h roughpu t   r a t e  of 1/3 and 1 / 5 ,  r e s p e c t i v e l y ,   c r e a t e s  

cause   for   concern .  The simplest   implementation would employ t h r e e  

redundant  transmissions and accept  the  subsequent  performance 

degrada t ion   wi th   channel   e r ror   ra te .  A def in i t e   d i sadvan tage  

of   th i s   t echnique  i s  t h e  low  throughput   ra te   tha t  would e x i s t  

on a h igh   qua l i ty   channel .  A more favorable   technique would 

adap t ive ly   exchange   bus   capac i ty   fo r   da t a   r e l i ab i l i t y   a s  a 

funz t ion   of   channel   qua l i ty  o r  the   occur rence   o f   e r rors ,  The 

adap t ive   a t t r i bu te s   o f   e r ro r   de t ec t ion   cod ing / r e t r ansmiss ion  and 

d a t a   f e e d b a c k   i n b e r e n i ; l y   o f f e r   t h i s   f l e x i b i l i t y .  

-6 

Error   de tec t ion   coding  and r e t r ansmiss ion   fo r   co r rec t ion   p rov ides  

t h e  means f o r   a d a p t i n g   t h e   t h r o u g h p u t   r a t e   f o r   s h o r t  o r  long term 

channel  degradation. The use  of an e f f e c t i v e   e r r o r   d e t e c t i o n   c o d e  

would ensure a h i g h   p r o b a b i l i t y  of ou tput t ing   cor rec t   in format ion  
whi le   the  n-jmber of   re t ransmissions  required would be  dependent 

on channel   qua l i ty  and b lock   length ,  On a h igh   qua l i ty   channel ,  

re t ransmiss ions  would in f r equen t ly   occu r   w i th   t he   t h roughpu t   r a t e  

l imited  approximately by the  code  redunZancy. The th roughpu t   r a t e  

i n   t h i s   i n s t a n . : e  would be a f a c t o r  of 2 t o  3 f a s t e r   t h a n   o b t a i n e d  

with  redundant.   transmissions and  from 1 t o  2 times f a s t e r   t h a n  
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data   feedback .   Al though  the   h igh   qua l i ty   channs l   represents  

nominal  operation, a low  qua l i ty   channel   represents  a f a u l t  

c o n , l i t i o n   t h a t  must be   an t i c ipa t ed .  

The pr imary  difference  between  redundant   t ransmissions and r e p e a t  

t ransmiss ions  i s  a quest ion of  p r i o r i t i e s .  Redundant t r a n s -  

missions  maintain a cons tan t   th roughput   ra te   as   the   channel  

q u a l i t y   d e t e r i o r a t e s  by  accepting a lower   p robab i l i t y   o f   ou tpu t t ing  

cor rec t   in format ion .   In   cont ras t ,   t echr i iques  which  employ 

r epea t   t r ansmiss ions   ma in ta ins   t he   p robab i l i t y   o f   ou tpu t t ing  

cor rec t   in format ion   by   lower ing   the   th roughput   ra te   as   channel  

qua l i ty   de te r iora tes .   Cons ider ing   the   consequen-es   o f  a lower 

d a t a   r a t e   a s  opposed t o  a h i g h e r   p r o b a b i l i t y   o f   d a t a   e r r o r ,  it 
becomes ev ident   tha t   repea t   t ransmiss ions   a re   p refer red .   Thus ,  

the   choice  of e r ror   cont ro l   t echniques   has   been   reduced   to  

e i the r   e r ro r   de t ec t ion   cod ing / r e t r ansmiss ion  c'r data   feedback,  

both  of  which  maintain a minimum e r r o r   r a t e .  

Comparing a t t r i b u t e s  o f  t h e s e  two techniques,  it becomes apparent 

t h a t   t h e   p r i m a r y   d i s t i n c t i o n  I s  i n   t h e  method  of e r r o r   d e t e c t i o n .  

The e r r o r   d e t e c t i o n   c o d e   a d d s   r e d u n d a n t .   b i t s   t o   t h e   d a t a   b i t s   f o r  

eva lua t ion  c f  t h e   c h a n n e l   a t   t h e   r e c e i v e r   s t a t i o n .   I n   c o n t r a s t ,  

d a t a   f e e d b a c k   r e t u r n 5   t h e   d a t a   b i t s   t o   t h e   s o u r c e   s t a t i o n   f o r  

channsl   evaluat ion.  The e f f ec t iveness   o f   e r ro r   de t ec t ion   cod ing /  

re t ransmiss ion  xi11 be dependen-t on t h e   c h s n n e l   e r r o r   r a t e ,   t h e  

coding  redundan;y,   and  the  error   detect ion  probabi l i ty  of t h e  

c o d e .   I n   f a c t ,   t h e   e f f e c t i v e n e s s   f o r  a block  code will approach 

t h a t  of d a t a   f e e d b z c k   a s   s h m n   i n  Appendix B. Thus,  data  feedback 

provides   the   e f fec t iveness   o f   the   coding   technique   wi thout   the  
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need for   encoding  and  decoding  hardware.  Data  feedback will be 

t h e   p r e f e r r e d  method o f   e r r o r   c o n t r o l ,  

The ex t r eme   r e l i ab i l i t y   ob ta ined   w i th   da t a   f eedback   cons t r a ins   t he  

t h r o u g h p u t   r a t e   t o  a maximum of   one -ha l f   t he   s igna l l i ng   r a t e .  

The est imated 6% bus  time-occupancy would a l l o w   u p   t o  8 round-tr ip  

t ransmiss ions   per   b lock   t ransfer .  The minimum block  length  of 40 
b i t s  would have   an   ou tpu t t ed   e r ro r   r a t e   o f   fo r  a channel 
e r r o r   r a t e  of w 3  wi th   t he   p robab i l i t y   o f  1, 2, or 3 transmissions 

being  0.92, 0.9936, and 0.9995 r e s p e c t i v e l y .  The p r o b a b i l i t y   o f  7 
o r  more t ransmiss ions  i s  less t h a n  3X10-rl. Thus,   the I'MBPS s i g n a l l i n g  

r a t e  will prov ide   su f f i c i en t  reserve c a p a c i t y   t o   e n s u r e   c o r r e c t   d a t a  

i s  r e l i a b l y   o u t p u t t e d   a t  a high  confidence level. 

The s e l e c t i o n  of data   feedback f o r  e r r o r   c o n t r o l  i s  cons i s t en t   w i th  
cu r ren t   Apo l lo   p rac t i ce .  A s p e c i f i c  example t h a t  comes t o  mind i s  

the   vo ice   r e l ay ing   o f  a c r i t i c a l   i n f o r m a t i o n  pad  from  mission 

c o n t r o l   t o   t h e   s p a c e c r a f t .  The pad da ta  i s  voiced  upl ink,   copied,  

and then  voiced  downlink  where it i s  checked-off   against   the  

o r ig ina l .   I n   e s sence ,  a d ig i ta l   mechaniza t ion   of   the  same technique 

i s  recommended f o r  t h e  GN&C system data  bus,  

Although it would be des i r ab le   t o   p rov ide   t he   l owes t   channe l   e r ro r  

r a t e   p o s s i b l e ,   a n  effective e r ro r   con t ro l   t echn ique  will t o l e r a t e  

a reduct ion  in   channel   performance  requirements .  The lesser 

requi rements   a l low  cons idera t ion   of   s impler   s igna l l ing   t echniques  

t h a n   t h e   c a r r i e r  systems discussed   in   4 .2 .  The nex t   s ec t ion  will 
e v a l u a t e   t h e   s u i t a b i l i t y   o f  a baseband system. 
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4.4 Baseband  Signall ing 

The bas i c   b inz ry  pulse waveforms a r e   r e f e r r e d t o   a s  baseband 

s i g n a l s .  Two p a r t i c u l a r  waveforms  of i n t e r e s t   h e r e   a r e   t h e  

ON-OFF o r  un ipo la r   pu l se  and t h e   b i p o l a r   p u l s e .  The da ta   t r ans -  

miss ions   could   cons is t   o f   e i ther   the   baseband  s igna ls  o r  a c a r r i e r  

wave modulated by the   baseband  s igna ls .  The chanr3.l e r r o r   r a t e   o f  

s eve ra l   b ina ry   da t a  or keyed c a r r i e r   t e c h n i q u e s  were l i s t e d   i n  

Table  12 f o r  a white,  Gaussian  channel. The b i t   e r r o r   r a t e  

expres s ions   fo r   cohe ren t ,   de t ec t ion   o f   baseband   t r ansmiss ions   i n  a 

white,   Gaussian  channel  are 

o Unipolar  pulse:  P 

o Bipolar   pulse:  P 

Thus ,   the   b ipolar  pulse will p r o v i d e   t h e   e r r o r   r a t e  of a u n i p o l a r  

p u l s e   f o r  3 db less average  s ignal   energy  per   noise  power p e r   u n i t  

bandwidth, E/No, (6 db less peak  s ignal   energy) .  The lower   e r ror  

r a t e  and e l imina t ion ,  o r  a t   l e a s t   a t t e n u a t i o n ,   o f   t h e   d . c .  

component, i n   t he   pu l se   spec t rum  f avor   t he   b ipo la r   pu l se  compared t o  

t h e   u n l p o l a r   p u l s e .  

A f ixed  error   ra te   comparison  between  the  bipolar   baseband an.' 

c a r r i e r   t r a n s m i s s i o n s   i n   T a b l e   1 2   r e v e a l s   t h a t  ASK with  coherent 

d e t e c t i o n  xi11 r e q u i r e  3 d b  less E/No wh i l e   b inmy  PSK will r e q u i r e  

6 db less E/No. It should  be  wted  that   the   baseband  noise   bandwidth 
w i l l  be 8 the   no ise   bandwidth   o f   e i ther  ASK or PSK. Consequently,  the 

e r r o r   r a t e  performance a s  a funct ion  of   s ignal /noise  power r a t i o  

w i l l  be   i den t i ca l   fo r   b ipo la r   baseband ,   cohe ren t  ASK, and PSK t r a n s -  

m i s s i o n s   i n  a white,  Gaussian  rhannel. 

94 



The c h a n n e l   q u a l i f i c a t i o n  was inc luded   t o   emphas ize   t he   bas i s   o f  com- 

par ison.  It i s  q u i t e   p r o b a b l e   t h a t  a c a r r i e r   c h a n u e l w i l l  be r e a l i s -  

t i c a l l y  modeled a s  a white,  Gaussian  channel. It i s  u n l i k e l y  

t h a t  a baseband  channel  could be s imi l a r ly   cha rac t e r i zed   a s   ev idenced  

bz t h e  M.S.F.C. EMC spec i f ica t ion   (Ref .  16). 

The spec i f i ca t ion   a l lows   i n t e r f e renL:e  power spec t r a   t ha t   dec rease  

a t  a r a t e   o f  l/f t o  1/f2 o u t   t o   a b o u t  1-2 MHz and then bocome white. 

I n   s d d i t i o n ,   c o m p a t i b i l i t y  i s  requi red   wi th   in juc t ive   coupl ing   of  

power l i n e s  an3 i n   p r e s e n s e   o f  power l i n e   t r a n s i e n t s   c h a r a c t e r i z e d  

by 50 v o l t  peak  amplitude  pulses  of IO microseconds  width'and a 

r e p e t i t i o n   r a t e   o f  60-400 PPS. The low  frequenr_:y  and  harmonic 

con t . en t   o f   t hese   po ten t i a l   i n t e r f e rence   s igna l s  will coincide  with 

the  baseband  s ignal   spectrum,  Since  the  s ignal / interferenze power 

ra t io   cannot   be   ascer ta ined   f rom  the  EMC s p e c i f i c a t i o n   a l o n a ,  

su i t ab i l i t y   o f   t he   baseban?   channe l   qua l i t y  i s  u n c e r t a i n .  

I n   a n   a t t e m p t   t o   r e s o l v e   t h e   i s s u e ,   t h e   c h a n n e l   e r r o r   r a t e   o f  

binary PSK on a Gaussian  channel i n   p re sence   o f   i n t e r f e rence  i s  

shown in   F igu re   15  (Ref. 17 ) .  The Figure shows an   acceptab le   e r ror  

r a t e  of  could be ob ta ined   fo r   s igna l /no i se  power i n   e x c e s s  

of 20 db f o r   s i g n c l / i n t e r f e r e n c e  power a s   l a r g e   a s  5 db.  For a 

given smount  of i n t e r f e r e n c e  power, t h e   e r r o r   r a t e  will be a 

minimum  when t h e  power i s  concen t r a t ed   i n  a s i n g l e   i n t . e r f e r e r  and 

will be a maximum  when the  interferen. :e  power i s  un-iformly  dis t r ibuted 

among s e v e r a l   i n t e r f e r e r s  (Ref. 18).   Although  these results were 
ob ta ined   fo r  a PSK sys tem,   the   a rguments   p resented   in   the   re fe rences  

seem t o  app ly   a s  well t o   cohe ren t   de t ec t ion   o f  a bipolar   baseban2 

s i g n a l .  With th i s   ex t r apo la t ion ,   an   accep tab le   baseband  channmsl 

could  probably  be  obtained  with  appropriate  EMC precaut ions.  
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Figure 15.- Bit error probability  for  bi-phase PSK on a Gaussian  channel 
with  interference  (ref. 17). 



The se l ec t ion   o f  a s igna l l i ng   t echn ique  must compromise t h e   c o n f l i c t i n g  

o b j e c t i v e s  of l o w e s t   e r r o r   r a t e  and m i n i m  hardware, The lowest  

p o s s i b l e   e r r o r   r a t e  would  be obtained  with a PSK system. The sim- 

p l i c i ty   o f   baseband   t r ansmiss ion  i s  p r e f e r r e d  t o  a n y   c a r r i e r  

t ransmission.  The use of a coherent   b ipolar  baseband. system 

a p p e a r s   t o  be a reasonzble  compromise. If an  ecceptable  baseband 

channel  cann,=lt   bz  provided,  carrier  transmissions  with  center 

frequency a t  2-3 MHz and 2 MHz channel  bandwidth will be  required.  

The s ta ted   per formance   of   b ipolar  baseban13 s i g n a l l i n g  was predica ted  

on sn optimum detec t ion   of   each   b i t .   This   can  5e achieved  with 

e i t h e r   c o r r e l a t i o n  or matched f i l t e r  techniques.   For  a r e c t a n g u l a r  

p u l s e ,   t h e   c o r r e l a t i o n   d e t e c t o r  and  matched filter a r e   i d e n t i c a l  and 

e a s i l y  mechanized a s   a n   i n t e g r a t e  and dump c i r c u i t .  The d e t e c t i o n  

process  would cons i s t   o f   i n t eg ra t ing   t he   r ece ived   s igna l   du r ing  

t h e  b i t  per iod ,   sampl ing   the   in tegra tor   ou tput   a t   the   end   of   the  

b i t  period,  and  deciding  what symbol was t ransmi t ted  on t h e   b a s i s  

of t h e  sample  polar i ty .  The i n t e g r a t o r  would be  discharged and t h e  

process   repea ted  f o r  t h e   n e x t   b i t .  

An z l t e r n a t e  method cons is t s   o f   shaping   the   rece ived   da ta   pu lse  

spectrum t o   p r o v i d e   r e g u l a r l y   s p a c e d   n u l l s   i n   t h e   p r e - d e t e c t e d  

s i g n a l  time response.  A thorough  discussion is p r e s e n t e d   i n  

Reference 19. A d i s t i n c t   a d v a n t a g e   o f   t h i s  methad i s  the   r educ t ion  

of  high  frequency  components i n   t he   t r ansmi t t ed   da t a   pu l se   spec t rum.  

The method  should be cons ide red   fu r the r  f o r  i t s  EM1 advantages. 

In   e i the r   even t ,   cohe ren t   de t ec t ion  will require a b i t  sync. The 

b i t  sync could  be  encoded or   mul t ip lexed   wi th   the   da ta  and t r a n s f e r r e d  
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i n   t h e   d a t a   c h m - n e 1  o r  a s s i g n e d   t o   a n   a u x i l i a r y   c h a n n e l   a s  a p i l o t  

c a r r i e r .  A re turn- to-zero   b ipolar  pulse e s s e n t i a l l y  time mul t i -  

p lexes  a b i t  sync f o r   e a c h   d a t a  b i t .  The se l f - c lock ing   f ea tu re  an,? 

i d e n t i c a l   c h a n n e l   p h a s e   d e l a y   o f   t h e   d a t a   b i t  and i t s  sync would 

be   des i r ab le .  The data   baseband  spectrum  of   this   pulse  would be 

2 MHz wide a s  opposed t o   t h e  1 MHz bandwidth of  a non-return-to- 

zero   pu lse .  

A dist inct   d isadvantage  of   mult iplexing  the  sync  onto  the  data   chan-rel  

i s  t h e   i m p l i c i t   r e q u i r e m e n t   f o r  a c lock   in   each   s ta t ion .   Transmiss ion  

o f   t h e   d a t a   p r o c e s s o r   c l o c k   i n  En aux i l i a ry   channe l  would provide 

b i t  synz  an3 serve a s  a cont inuous  master   t iming  s ignal  f o r  s t a t i o n  

funz t ions   a s   d i scussed   i n   pa rag raph  2 . 8 .  Serv ice   a s  a coherent 

r e f e r e n c e  will impose limits on t'he  allowable  phase  delay  and i t s  

v a r i a t i o n  between the   da t a   and   aux i l i a ry   channe l s .  A s i n u s o i d a l  

1 MHz clock would r e q u i r e  a n r r r o w   b a n h i d t h   a u x i l i a r y   c h a n n s l  

l o c a t e d   a t   t h e  first nul l   in   t8he   baseband  spec t rum,  

The coniinuous  master  t iming an;.?. e l i m i n a t i o n  .r)f redundant l   s ta t ion 

z locks   favor  use of an  zuxi l iary  chan-rel .  Th,s aux i l i a ry   channe l  

cou ld   a l so   be   u sed   t o   convey   t he   spec ia l   s igna l s   d i scussed   i n  

paragraph 3.4. T h i s   p o s s i b i l i t y  will be  considered  below. 

4.5 Multiplex  of  Data  Control  Signals 

The need t o   t r a n s m i t   s p e c i a l   s i g n s l s  for d a t a   c o n t r o l  was gs tab l i shed  

i n  3 . 4  T h e s e   s i g n s l s   a r e   s y n c s   f o r   b i t ,   f r a m e ,  an12 word c o n t r o l  

and an  acknowledge/acceptl ( A / A )  s i g n z l .  The previous  paragraph 

suggested  use  of a s i n u s o i d a l  signs1 i n   a n   a u x i l i a r y   c h a n n e l   t o  
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serve a s  a master  clock  an2 b i t  syn;.. The aux i l i a ry   channe l  w i l l  

have t o  b e   r e s t r i c t e d   t o   t r a n s m i s s i o n s   o r i g i n a t i n g   i n   t h e   d a t a  

p rocesso r   t o   p reven t   1 in t e r f e renEef   w i th   t he   t iming   r e fe rense  

an2 to   avo id   p rob lems   i n   i den t i fy ing   t he   t r ansmi t t i ng   sou rce .  

The frame  sync will be a bi-level s i g n a l   g e n e r a t e d   i n t e r n s 1   t o  

the   da ta   p rocessor .  The d i s c r e t e   s i g n a l   c a u l d  be l o g i c a l l y  

combined with a s t a t i o n   a d d r e s s   d e t e c t i o n   t o   e i t h e r   i n h i b i t   o r  

enab le   an   addres sed   s t a t ion   l i ne   d r ive r   t o   p reven t   unschedu led  

t ransmissions and t o   r e s t r i c t  bus access .  The frame synL: could 

be mul t ip lexed   on to   the   auxi l ia ry   channs l   by  pulse amplitude 

mvdulation (PAM) of   t he   c lock   s ignz l .  The ca r r i e r   ampl i tude  

level could  be  detected by an  envelope  detector  and a p p l i e d   t o  a 

t h r e s h o l d   c i r c u i t .   T h i s  method  would provide a pos i t ive   f rame 

sync  with a few e l e c t r o n i c  components. 

The word sync i s  requ i r ed   on ly   du r ing   da t a   t r ansmiss ion   t o   s ign i fy  

t h e  f i rs t  and l a s t  b i t  of  each word. The word sync  could  be 

in   t he   fo rm  o f  a comma-free code and mul t ip l exed   d i r ec t ly   w i th   t he  

d a t a .  Codes e x i s t   t h a t  w i l l  d e t e c t  and eventua l ly   cor rec t   an  

ssynchron ,ms   s ta te .   This  method i s  not  preyerred  due t o  t h e  

encode  and  decode  hardware  required i n  e l l  s t a t i o n s .  

The exis tence  of  a continuous b i t  sync and a f i x e d   d a t a  word 

l e n g t h  would al low a word s y n c   t o  be g e n e r a t e d   l o c a l l y   a t   e a c h  

s t a t i o n   w i t h  a b i t  count-,er. The counter would have t o  b e   i n i t i a l i z e d  

w i t h   t h e  first frame b i t  and maintain a p rope r   coun t   fo r   t he  

remainder  of  the  frame. A r e l i a b l e  count,  can  he  expected  since it 
i s  p e r f o r m e d   i n t e r n a l   t o  a s t a t i o n .  The method i s  p r e f e r r e d   f o r  

i t s  s i m p l i c i t y .  
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An a l t e r n a t e  method  would genera te  a master word sync i n   t h e  

data   processor  and mul t ip lex  it on to   t he   aux i l i a ry   channa l .  The 

sync signal  could  be  obtainsd  from  detected  zero  crossings  of 

a 25 KHz s inuso id   i n   2ach   s t a t ion .  The s i m s o i d  would  amplitude 

m o d u l a t e   t h e   c l o c k   s i g n a l   t o   u t i l i z e   t h e  AM detector   needed 

f o r   t h e   f r a m e  sync. The previous method i s  less  complicated 

and  would be favored.  

The A/A s i g n a l  must be gene ra t ed   a t   t he   sou rce   s t a t ion   wh ich  

r e s t r i c t s  it to   t he   da t a   channs l .   Thus ,   t he  A/A s i g n a l  must 
have some unique   charac te r i s t ic   f rom  which  i t  can be e a s i l y  

an;.?. r e l i a b l y   d e t e c t e d   i n  {:he d a t a   b i t   s t r e a m .  A s p e c i a l  coded 

word could  serve  this   purpose.  However, t he   da t a   s t r eam would 

have t o  be  contin-c-ously  examinsd t o   d e t e c t   t h e  A/A code  word. 

A more p o s i t i v e  an-l r e l i a b l e  method  would  employ a t o n e   b u r s t   a t  

a convenlent  frequency. A tons   could   be   der ived   f rom  the   b i t  

sync i n   e a c h   s t a t i o n  cn..? would a l low  coherent   de tec t ion .  

The d a t a  and auxi l ia ry   chann5ls   could   be   f requency   d iv is ion  

inu l t ip lexed   on to   the   t ransmiss ion   l ine .  The bipolar  baseband 

s i g n z l  gill have a power spec t r a l   dens i ty   o f   t he   fo rm 

= [ nf/fs  1 Sin ( nf/fs)  

where T = l/fs, 

The normalized  funct ion i s  p l o t t e d   i n   F i g u r e  16-A f o r  a 1 MBPS 

s i g n a l l i n g   r a t e .  The f i rs t  s p e c t r a l   l o b e   c o n t a i n s  90% of   t he  

t o t a l   p u l s e   e n e r g y  and 95% of   t he   t o t a l   ha rmon ic  power.  Considering 

power l ine   harmonics  and the   da ta   pu lse   spec t rum,  a data  channzl 

bandpass  from  about 2KHz t o  perhaps 3.9 MHz may be a reasonable  
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Figure 16.- Data and aux i l i a ry   channe l   mu l t ip l ex ing .  
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compromise i n  terms of   ampli tude  and  phase  dis tor t ion  of   the 

rece ived   da ta   pu lse .  

The auxi l ia ry   channel   could   be   loca ted   in   the   da ta   pu lse   spec t rum 

null a t  1 MHz. The c l o c k   s i g n d  would simply  be a s i n g l e  

s p e c t r a l   l i n e   a t  1 MHz. The aux i l i a ry   chann4   bandwid th  will be 

a compromise  between t h e  r i s e  time of  the  detected  frame  sync an? 

co-chan/ ,e l   in te r fe rence ,  The bandwidth  would be on   the   o rder  of 

50 KHz t o  IQO KHz. The PAM spectrum  could  be  estimated  by  assuming 

t h e   f r a m e   i n t e r v a l s   t o  be P o i s s o n   d i s t r i b u t e d .  The minimum frame 

time would o c c u r   f o r  a s ing le   round   t r i p   t r ansmiss ion   o f   t h ree  

words or   about  12Cl microsecon: ls .   Thus,   the   f rame  s ignd rise 

time w i l l  be t h e  prime  consideration. 

The mult iplexed  data  and? aux i l i a ry   channe l s  would be   as  shown i n  

Figure 16-B. The s igna l s   can  be mul t ip l exed   d i f f e ren t ly   t han  

discussed  here .  The advantage  of   the  par t icular   methods 

descr ibed i s  t h e i r   s i m p l i c i t y  and t h e   a l l o c a t i o n   o f   f u n c t i o n s  

between Idata processor  and addres sab le   s t a t ions   t o   min imize   t he  

s ta t ion  hardware.  

4.6 Summary 

capabi l i ty   of   data   communicat ion  techniques  to   provide  an 

scceptab le  word e r r o r   r a t e   w i t h  minimum hardware was eva lua ted ,  

The acceptable  word e r r o r   r a t e  was computed t o  be 13-l' f o r  a 

c r i t e r i a   t h a t   a l l o w e d  1 word e r r o r   t o   o c c u r   d u r i n g  a c r i t i c a l  

mission time period  every 1000 missions.  An average  occurrence 

of 1 word e r r o r   d u r i n g  1'30-7 day  missions and 1 word e r ro r   du r ing  

2-30 day  missions would be e x p e c t e d   w i t h   t h i s   e r r o r   r a t e .  
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The performance  of   keyed  carr ier  systems was e v a l u a t e d   f o r  a 

Gaussian  channsl  an3 a n 3 i s e  burst channel. An scceptab le  b i t  

e r r o r   r a t e   c o u l d  be  expected  with  any  carr ier  system i n  a Gaussian 

channsl.  The b i t  e r r o r   r a t e   i n  a mise burst channel would n o t  be 

dependable. The i n a b i l i t y  t o  r e l i a b l y   o b t a i n  an  acceptable word 

e r r o r   r a t e   w i t h  a ca r r i e r   sys t em  r equ i r e s   u se   o f   an   3 r ro r   con t ro l  

technique.  

Seve ra l   e r ro r   con t ro l   t echn iques  were discussed,   evaluated,  and 

compared.  Techniques t h a t  employed repea t   t ransmiss ions  were 

p r e f e r r e d   f o r   t h e i r   a b i l i t y   t o   m a i n t a i n   t h e   p r o b a b i l i t y  of o u t p u t t i n g  

co r rec t   i n fo rma t ion  by lower ing   the   th roughput   ra te   as   channs l  

qua l i t y   deg rades .  A deta i led   compar ison   be tween  s r ror   de tec t ion  

coding/ re t ransmiss ion   an2   da ta   feedback   revea led   the i r  effective- 

n t s s  would  be s i m i l a r ,  The data  feedback  technique i s  p r e f e r r e d  

s i n z e  it p rov ides   e f f ec t ive   e r ro r   con t ro l   w i thou t   encode r s  an,:! 

decoders i n   t h e   s t a t i o n s .  

Use o f   an   e r ro r   con t ro l   t echn ique   r educes   t he   channe l   e r ro r   r a t e  

requirements  which  allows  consideration of baseban.1  s ignal l ing The 

q u a l i t y   o f   t h e  basebanl-7 chanzz l   could   no t   be   p red ic ted   due   to  

dependehce on t h e  EM environ-nent and the  equipment  design.  Although 

t h e r e  i s  a ju s t i f i ed   conce rn ,  a coherent  bipolar  baseband system 

could  provide  acceptable  performance. If a s u i t a b l e  

baseband  channel  cannot  be  provided, a c a r r i e r  system opera t ing  

a t  2 t o  3 MHz wi th  2 MHz bandwidth would be requi red .  

A method of   mul t ip lex ing   b i t ,   f rame,  and  word syncs and t h e  

special   acknowledge/accept '   signal was presented.  An z u x i l i a r y  

channel f o r  t h e  b i t  and  frame  sync would a l so   p rov ide  a continuous 
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m a s t e r   c l o c k   t o   a l l   s t a t i o n s .  The data   channel  and a u x i l i a r y  

channel  could be f r equency   d iv i s ion   .ml t ip l exed   on to  a d a t a  bus 

l i n z  . 



5 ,  RECOMMENDATIONS 

The  previously  stated  objectives of this  report were: 

Investigate GN&C System  data  requirements 
Determine  required  communication  characteristics  of 
the  data bus 
Evaluate  communication  techniques  compatible  with  the 
GN&C  System  requirements 
Recommend  a  data bus mechanization  for  the GN&C System, 

The  first  three  objectives  were  investigated and reported  as 
three  dependent  but  separable  subjects;  data  requirements,  data 
management  and  data  communication  techniques.  These  subjects 
encompass all aspects of data  bus  operation,  The  treatment 
of  these  subjects  was  organized for the orderly  development  of a 
data  bus  concept  that  would  be  subordinate  to  and  compatible with 

the GN&C System,  its  functions, and its  operations.  The  principal 
features and requirements  of a data  bus  recommended  from  this 
study  are  summarized  below. 

5.1 Summary of Study  Results 

astern  Data  Requirements 

0 The GN&C  System  will  be  composed  of 7 sensor  systems, 
7 actuator  systems,  and 1 dedicated  data  processor. 

0 These  systems  will  consist  of 45 separate  units on  the 
MSC  Orbiter  Vehicle  and  can  be  grouped  into 20 addressable 
stations. 
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Local  processors  will  be  required  to  process  'raw' 
sensor data. 
A system  total  of 868 data words  was  estimated  exclusive 
of FAULT data  and  local  processor LOAD data. 
A 20 bit  word  will  provide  sufficient  dynamic  range  and 
resolution  of all transferred  data. 
A maximum  data  rate  of 55KBPS was  estimated, 
The  data  rate  will  vary  from 48.9 KBPS for Entry  and 
Transition  to 19.6 KBPS for  Docking. 
A 1 MBPS signalling  rate will provide  sufficient  data 
bus  capacity. 
A central  clock  should  be  continuously  provided  to  all 
stations. 
'Elapsed  time'  and  "Time  to go' data words  should  be 
provided  with 0.001 second  time  resolution  for  coordinating 
and  evaluating  events. 

Data  Manaaement 

0 The  data  processcl- will. control  data bus access, 
0 Station  to  station data will  be  routed  through the data 

processor. 
0 Data  transfer will have a variable  format  and a pseudo- 

random  schedule. 
0 A class  organization  of  station  data  will  facilitate  the 

management,  formatting,  and  transfer  of data. . A proposed  organization  consisted  of MODE, INPUT,  OUTPUT, 
STATUS FAULT,  and  LOAD  classifications. 



MODE data  w i l l  i n c l u d e   l o c a l   e d i t i n g   f l a g s  and f a u l t   f l a g  

d i s c r e t e s   t o   a l e r t   t h e   d a t a   p r o c e s s o r   o f   a n   i n t e r n a l  

s t a t ion   change  and a p r i o r i t y   n e e d   t o   c a l l   s p e c i f i c   d a t a .  

The f r e q u e n t l y   t r a n s f e r r e d  INPUT, OUTF'UT and STATUS 

c lasses   should   cons is t   o f  6 t o  10 data   words   for   an  

e f f i c i e n t   b l o c k   t r a n s f e r .  

Each s t a t i o n  w i l l  respond  only  upon  receiving a p a r t i c u l a r  

coded i n t e r r o g a t e  word. 

The i n t e r r o g a t e  word w i l l  be composed of a 5 b i t   b i n a r y  

s t a t ion   addres s ,  a 5 b i t   b ina ry   c l a s s   add res s ,   and  a 

10 b i t  c o n t r o l   i n s t r u c t i o n  word. 

B u f f e r   s t o r a g e   o f   a l l   t r a n s f e r r e d   d a t a  w i l l  be requi red .  

Data  Communication 

e 

e 

e 

e 

e 

e 

e 

e 

0 

0 

A word e r r o r   r a t e   o f  w i l l  be acceptable .  

A no ise   burs t   channel   should   be   an t ic ipa ted .  

An e r r o r   c o n t r o l   t e c h n i q u e  w i l l  be required.  

Data  feedback w i l l  be   p re fe r r ed   fo r   e r ro r   con t ro l .  

Bipolar   baseband  s igna l l ing   wi th   coherent   de tec t ion  

should  provide  acceptable  performance. 

A s implex  data  channel w i l l  b e   s u f f i c i e n t .  

An a u x i l i a r y   c h a n n e l   f o r  a master  clock, and t h e  b i t  and 

frame syncs gene ra t ed   i n   t he   da t a   p rocesso r  w i l l  be requi red .  

Word sync   der ived   loca l ly   f rom  the   b i t   sync  w i l l  be 

s u f f i c i e n t .  

A s p e c i a l  * Acknowledge/Accept' c o n t r o l   s i g n a l   t r a n s m i t t e d  

i n   t h e   d a t a   c h a n n e l  w i l l  be   required.  

The d a t a  and aux i l i a ry   channe l s  will be  f requency  divis ion 

mult iplexed.  
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These  recommendations  can  be  implemented  as  discussed  in  the 
report.  Although  detailed  circuit  and  hardware  requirements 
were  not  always  presented,  they  were  included  in  the  evaluation 
of  alternate  techniques.  Since  the  evaluation  criteria  was  to 
obtain  acceptable  performance  with  minimum  hardware,  the 
recommendations  represent  a  compromise  between  these  conflicting 
objectives. 

5.2 A Data Bus Interface  Assembly 

A standard  data  bus  interface to service all data  bus users  can 
be  extracted  from the text  and  recommendations.  The  functions 
allocated to the  interface  were  indicated  in  Figures 6 and 7. 
The  preferred  implementation  of  these  functions was presented in 
Section 4. The  objective  here  will  be  to  present an interface 
assembly  that  incorporates  the  recommendations  and  elaborate on 
certain  areas, 

A 'standard'  interface  would  include  only  those hnctions common 
to all users.  With  this  criteria,  the  standard  interface 
would  extend  from  the  line  coupling  network  to  a  level  where 
the  transmitted and received data stream  are  in  identical 
form. A convenient  interface  with  the  station  would  be  obtained 
at  the  level  where  the  received  and  transmitted  data  have  been 
formatted  into a serial  data  stream.  The  resultant  interface 
would  not  become  involved  in  peculiar  station  data  requirements 
since  'standard'  signals  would  also  interface  with  the  station 
in  parallel  with  the  data  stream  for  data  control  into and out 
of  buffer  storage.  These  arguments  suggest  the  standard  data 
bus interface  functionally  illustrated  in  Figure 17. 
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Figure 17.- A s tandard  data  bus i n t e r f ace  assembly. 



The  illustration  depicts a standard  station  interface.  The  data 
processor  interface  would  require  certain  modifications  that 
reflect  its  central  authority.  These  modifications  would 
consist of a pulse  amplitude  modulator for the  clock  and  frame 
signals,  the  auxiliary  channel  line  driver  and  bandpass  filter, 
and  minor  changes  to  the  station  address  detection  circuitry  and 
data  control  logic.  Reference  to  Figure 7 should  clarify  the 
role of the  proposed bus interface  in  relation  to  the  class 
multiplexer  and  data  storage. 

Since  the  functional  operations of the  assembly  was  discussed 
intermittently in previous  sections, a coherent  discussion 
will  be  presented  here  to  reveal  certain  features.  The  discussion 
will  focus  on  the  station  interface  from  which  the  counterpart 
data  processor  interface  operations  can  be  inferred. 

The  line  coupling  network a.c. couples  the  redundant  data  bus 
lines  into a line  receiver  and a line  driver,  The  receiver 
is  always  active  while  the  driver  is  gated  on  by  the  control 
logic  only  during a transmission.  The  received  signal  is 
frequency  demultiplexed  by  the  receive  and  auxiliary  bandpass 
filters . 

The  auxiliary  channel  output  is  applied  to  the  clock  circuitry  and 
the frame sync  detector.  The  clock  circuitry  consists  of a 
squaring  circuit  and a down counter.  The  squaring  circuit  strips 
off  any AM and  converts  from  bipolar  to  unipolar  pulses  by 
clamping  the  low  level  to  ground.  The  resultant  bit  sync  output 



would-  be  buffered  and  applied t o  a bus f o r   d i s t r i b u t i o n ,   I n  

add i t ion ,   t he  b i t  sync would be divided down t o   d e r i v e   m a s t e r  

t i m i n g   s i g n a l s   f o r   a l l   s t a t i o n   o p e r a t i o n s .   T h i s   o p e r a t i o n  

c o u l d   e i t h e r  be performed i n   t h e   i n t e r f a c e   a s s e m b l y   a s  

i l l u s t r a t e d   o r   i n t e r n a l   t o   t h e   s t a t i o n .  

The frame sync de tec to r   cons i s t s   o f   an   ampl i tude   de t ec to r  and 

threshold .  Absence of a f rame  s igna l  resets appropr ia te  circuits 

and i n h i b i t s   t h e   l i n e   d r i v e r .  The de tec ted   f rame  s igna l  i s  
synced  with  the first r e c e i v e d   d a t a   b i t   t h r u  a l o g i c a l  AND t o  

i n i t i a t e   t h e   s t a t i o n   a d d r e s s   d e t e c t i o n .  

The rece ived   da ta  i s  a p p l i e d   t o   t h e  b i t  de t ec to r   wh ich   cons i s t s  

of a n   i n t e g r a t e  and dump c i r cu i t .   Un ipo la r   pu l se s  would be 

o u t p u t t e d   f o r   c o m p a t i b i l i t y   w i t h   s t a t i o n   c i r c u i t r y .  Each b i t  

would be de tec ted  by a threshold  c i rcui t ,  combined w i t h  b i t  

sync, and counted t o   d e r i v e  word sync. The r ece ived   da t a   pu l se s  

cou ld   be   ' vo ted '   w i th   o the r   channe l s   a t   t h i s   po in t  and will 
be d i s c u s s e d   l a t e r .   I n   e i t h e r   e v e n t ,   t h e   d a t a   s t r e a m  i s  

a p p l i e d   t o   t h e   s t a t i o n   a d d r e s s   d e t e c t o r   a n d  a r ece ive   ga t e .  

The s t a t ion   addres s   de t ec to r   pe r fo rms  a cross-correlation  between 

the   r ece ived   da t a  and s tored   s ta t ion   address   employing   an   exc lus ive-  

OR, an up-down counter,  and a sample/hold  c i rcui t .  The f i r s t  frame 

word i s  t h e   i n t e r r o g a t e  word cons i s t ing   o f   s t a t ion   addres s  b i t s ,  

c l a s s   a d d r e s s  bi ts ,  and c l a s s   i n s t r u c t i o n   b i t s   i n   t h a t   o r d e r .  

Hence, a p e r f e c t   c o r r e l a t i o n  sampled a f t e r   t h e   f i f t h   f r a m e  b i t  

would be a p o s i t i v e   s t a t i o n   d e t e c t i o n ,  If t h e   d e s i r e d   c o r r e l a t i o n  

i s  n o t   o b t a i n e d ,   a d d i t i o n a l   s t a t i o n   a c t i v i t y  i s  i n h i b i t e d   u n t i l  a 
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f r ame   s igna l  reset. Th i s   f ea tu re   p rov ides  a secure  bus t o  

t he   addres sed   s t a t ion   fo r   t he   du ra t ion   o f   t he   f r ame   s igna l .  

The s t a t i o n   d e t e c t i o n  i s  combined with a c o n t r o l   l o g i c   s i g n a l  

t o   e n a b l e   t h e   r e c e i v e   g a t e   t o   p a s s   t h e   r e c e i v e d   d a t a   s t r e a m .  

The r ema inde r   o f   t he   i n t e r roga te  word i s  s h i f t e d   i n t o   s t o r a g e  

and read  by t h e   c o n t r o l   l o g i c .  

The cont ro l   log ic   genera tes   requi red   ga t ing   and   cont ro l   s igna ls  

t o   e x e c u t e   t h e   r e c e i v e d   i n s t r u c t i o n s   f o r   t h e   a d d r e s s e d   c l a s s .  

If t h e   i n s t r u c t i o n   d e s i g n a t e s   i n p u t   d a t a ,   t h e   d a t a   s t r e a m  i s  

c locked   in to  buffer s t o r a g e   v i a   t h e   c l a s s  and word mul t ip lexers .  

An ' i n p u t   o n l y '   i n s t r u c t i o n  would t e rmina te   w i th   de t ec t ion  of t h e  

end of   block  t ransmission.  An ' i n p u t   t h e n   o u t p u t '   i n s t r u c t i o n  

would r e q u i r e   t h e   d a t a   t o   b e   r e c a l l e d   f r o m   s t o r a g e  and 

t ransmi t ted .  The r e c a l l  would commence w i t h   d e t e c t i o n  of t h e  

end of  block  transmission. An A/A word would b e   i n s e r t e d   i n  

t h e   s t r e a m   a f t e r   t h e   l a s t   d a t a  word. Following i t s  t r a n s -  

m i s s i o n ,   t h e   l i n e   d r i v e r  would be   i nh ib i t ed  and t h e   r e c e i v e  

gate   enabled.  As discussed  e lsewhere,   recept ion  of  a s i n g l e  

A/A word a f t e r   t he   f eedback   t r ansmiss ion  would command acceptance 

of   the 'da ta   and   te rmina te   the   t ransmiss ion   cyc le .   Recept ion   of  

two consecut ive A/A words  would command r e j e c t i o n  of t h e   d a t a ,  

and i n i t i a l i z e   t h e   a s s e m b l y  for t he   r epea t   t r ansmiss ion .  

I n s t r u c t i o n s   t h a t   d e s i g n a t e   o u t p u t   d a t a  would be s i m i l a r l y   t r e a t e d  

'Output  data  only'  would ca l l   da t a   f rom  the   addres sed   c l a s s ,  
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t r ansmi t  it, i n s e r t   t h e  A/A word,  and t e r m i n a t e   t h e   i n s t r u c t i o n  

a c t i v i t y .  An ' ou tpu t   t hen   i npu t '   i n s t ruc t ion  would extend 

t h e s e   a c t i v i t i e s   t o   r e c e i v e  and process   the  feedback  t ransmission.  

This  would require r e c a l l   f r o m   d a t a   s t o r a g e   i n   s y n c   w i t h   t h e  

r ece ived   da t a   s t r eam  a t   t he   b i t   compara to r .  The b i t  comparator 

would consist  of  an  exclusive-OR  and  perhaps a b i t   e r r o r  

c o u n t e r   o r   c i r c u i t r y   t o   e d i t   f o r   ' s i g n i f i c a n t '   b i t   e r r o r s .  The 

compara tor   ou tput   a t   the  end  of block  t ransmission would command 

e i t h e r   a c c e p t a n c e   o r   r e j e c t i o n   t h r u   t r a n s m i s s i o n   o f  one o r  two 

A/A words,   respect ively.  

The  end  of block  t ransmission  can be i d e n t i f i e d  by t h e  A/A 

word. A c o r r e l a t i o n  of  each  received word wi th   t he   s to red  

A/A word s i m i l a r   t o   t h e   s t a t i o n   a d d r e s s   d e t e c t o r  would provide 

a p o s i t i v e   d e t e c t i o n .  

A da ta   t r ansmiss ion   r equ i r e s   t he   con t ro l   l og ic  t o  genera te  a 

r e c e i v e   g a t e   i n h i b i t   s i g n a l .  The i n h i b i t   s i g n a l  complement i s  

a p p l i e d   t o  an AND with  the  f rame  s ignal  t o  e n a b l e   t h e   l i n e  

d r i v e r .   T h i s   f e a t u r e   a l l o w s   t h e   d a t a   p r o c e s s o r   t o   ' c l e a r '  

t h e  bus by  simply  removing  the  frame  signal. 

S ince   t he   r ece ive r   r ema ins   ac t ive   du r ing   t r ansmiss ion ,  a s e l f - t e s t  

f e a t u r e   c a n  be  simply  provided  by  comparing  the  transmitted 

b i t s   t o  the r ece ived   b i t s .  As i l l u s t r a t e d ,   t h e   t r a n s m i t t e d  

bi ts  would  be  synced w i t h   t h e   r e c e i v e d   b i t s   b y  a f ixed   de l ay ,  

An exclusive-OR would p r o v i d e   f a u l t   d e t e c t i o n .  The self-test 

f ea tu re   cou ld   a l so  be inco rpora t ed   i n   t he   da t a   p rocesso r   i n t e r f ace  

fo r   bo th ,   t he   da t a   channe l  and aux i l i a ry   channe l .  
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Fault tolerance  and  redundancy  have  been  considered  indirectly 
in  this  report by recommending  minimum  hardware.  The  use  of 
redundant data bus lines  is a certainty.  Some  means  of  combining 
the  redundant  channels  should  be  employed  to  indicate a faulty 
line  and  perhaps  improve  the  effective  received  bit  error 
rate. A majority  vote  was  considered  elsewhere  and  is 
suggested  in  the  Figure.  Another  method  that  offers  unique 
attributes  is  outlined  below. 

The  information  in a bipolar  data  pulse  is  determined  by  the 
bit  detector from the  data  pulse  phase.  This  characteristic 
suggests  summing  data  pulses  received  from  all  redundant 
lines  prior  to  bit  detection.  Perhaps  the  summing  operation 
can  be  designed  into  the  receive  filter  employing  pulse  trans- 
formers.  The  resultant  channel sum signal  would  be  inputted 
and  processed  by  the  bit  detector  with  the  following  advantages: 

I) The  channel sum signal  would  provide  better  error  per- 
formance  than a single  channel  signal for two  reasons;  the 
resultant  pulse  energy is greater  and  independent  line 
bursts  are  averaged  with  all  line  noise. 

2) An operation  similar  to a majority  vote  would  be 
realized  without  specific  hardware for this  capability, 

3) Essentially  ideal  fault  tolerance  is  obtained  without 
the  need  for  detection  and  switching. 

These  advantages  are  somewhat  dependent  on  the  amplitude  and 
phase  distortion of the  data  pulse  as  well  as  differentdal  line 
delays.  These  areas  should  be  investigated  to  exploit  the  unique 
advantages. 



5.3 Future  Activity 

The  report  developed  a  data  bus  concept  that  included  specific 
recommended  features and techniques.  These  recommendations  justify 
a hardware  program.  The  objective  of  the  program  should  be  to: 

o Implement  the  recommended  techniques. 
o Perform  laboratory  tests  to  determine  the  word  error 

performance  in  quiet,  Gaussian,  and  noise  burst  channels, 
o Conduct an EMC  test  in  compliance  with  MSG-Spec-279. 

The  test  results  would  provide  useful  data for evaluation  of  the 
recommended  techniques and reveal  the  suitability of a baseband  channel. 
In  addition,  the  program  would  provide an in-house  baseline 
data  bus for comparative  evaluation  of  other  proposed  systems. 

Concurrent  with  the  hardware  program,  additional  studies 
should  be  conducted  to  resolve  issues  that  were not addressed 
in  this  report.  This  effort  should  investigate  the  following 
areas : 

1.8 Tolerable  limits  of  amplitude and phase  distortion  of  the 
received  data  pulse. 

2. The  allocation  of  filtering  between  the  transmit and 
receive  filters. 

3 .  Circutt and system  redundancy. 
4.  The  optimum  block  length  as a function  of  channel 

burst  characteristics. 
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5. The  possibility of employing  some  redundant  lines  for  the 

data feedback  channel. 

6. Potential  advantages in assigning  encoding and decoding 
requirements to the  local processor. 

The  first,  three items will be required  for a hardware 
program. The  remaining items should be evaluated for potential 
improvements  in data h s  capability and performance. 
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APPENDIX A 

APOLLObM GN & C SYSTEM SIGNALS 

The i n i t i a l   a p p r o a c h   t o   o b t a i n   d a t a   e s t i m a t e s   f o r   t h e  SSV was t o  

compi l e   de t a i l ed   s igna l  l i s ts  f o r   a n   a c t u a l   s p a c e c r a f t .  The l i s ts  

would be  modified by appropr i a t e   de l e t ions  and a d d i t i o n s   t o   o b t a i n  a 

base l ine  system f o r   t h e  SSV. The Apollo/LM spacecraf t  was s e l e c t e d   a s  

a base  because i t s  c a p a b i l i t y  was n e a r e s t   t h a t   r e q u i r e d   f o r   t h e  SSV. 

Dur ing   the   met icu lous   compi l ing   of   the   s igna l  l ists ,  it became apparent  
that   the   planned  approach  required many assumptions and a prolonged 

e f f o r t   t o   o b t a i n   t h e  LM d a t a   i n  a form  compatible  with  data bus operat ion.  

S igni f icance   o f   the   expec ted   resu l t s  would b e   s i m i l a r   t o   t h o s e  more 

rap id ly   ob ta ined  by d i rec t   es t imat ion .   Thus ,   the   approach  was 

terminated.  A t  t h e  time of   terminat ion,   useful   information had been 

obtained and i s  r e p o r t e d   i n   t h i s  Appendix. 

The s i g n a l  l i s t s  were compiled  from Grumman Aircraf t   Engineer ing 

Corporation, Level 3 drawings  of  the LM-4 vehicle .   Separate  l i s t s  

were compiled f o r   e a c h  GN & C assembly and c o n s i s t   o f   i d e n t i f i c a t i o n  

o f   t h e   i n t e r c o n n e c t i n g   a s s e m b l y ,   t h e   & m a n   s i g n a l   t i t l e ,   a n d  a s i g n a l  

category. Each s i g n a l  was a s s i g n e d   t o  one of   the   fo l lowing   ca tegor ies :  

1) Timing ( T )  - s i g n a l s  employed for   c lock,   sync,   phase 

r e fe rence ,   e t c .  

2 )  D i g i t a l  ( D )  - s i g n a l s   i n  any   pu lse   o r   d ig i ta l   form 

3) Analog ( A )  - s igna l s   i n   ana log   fo rm 
4 )  Cont ro l   D i sc re t e s  ( C )  - b i - l e v e l   s i g n a l s   f o r  command, c o n t r o l ,  

monitor ,   e tc .  
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Power l i n e s  were no t   t abu la t ed .  However,  power l i n e s   t h a t   e n a b l e d   a n  

assembly t o   s t a n d b y ,   o p e r a t e ,   o r - s e l f - t e s t   s t a t u s  were t a b u l a t e d   a s  

c o n t r o l   d i s c r e t e s .   O t h e r   q u a l i f i c a t i o n s   o f   t h e s e  l i s ts  are :  

1 )  BTME and GSE s i g n a l s  were not   inc luded .  

2) The D and C, PANEL, IS,  and CS l i s t s  include  only  those 

s igna l s   f rom  the  GN & C assemblies .  

3 )  The PANEL l i s t  i s  a composite  of a l l   p a n e l   a s s e m b l i e s .  

4 )  The I S  l i s t  i n c l u d e s  CWEA and PCMTEA s i g n a l s   a s  well a s  

I S  s i g n a l s .  

The assembly  s ignal  l i s t s  are   p resented   as   Tables  A-1 through A-27, 

The s i g n a l s   o f   i n t e r e s t   f o r   t h e  SSV a re   t he   i n t e r sys t em  s igna l s   ob ta ined  

by combination  of  the  assembly l is ts .  The par t icu lar   combina t ions   o f  

LM assemblies   used  to   form  equivalent  SSV systems a r e   l i s t e d   i n   T a b l e  

A-28. The r e s u l t a n t   q u a n t i t y   o f   i n t e r s y s t e m   s i g n a l s  i s  i l l u s t r a t e d  

i n  Table A-29. For t h e  11 systems l i s t e d ,  a t o t a l  of 732 in te rsys tem 

s i g n a l s  were tabula ted ;  34 t iming   s igna l s ,  100 d i g i t a l   s i g n a l s ,  203 

analog   s igna ls ,   and  395 c o n t r o l   d i s c r e t e s .  It should  be  noted  that  

the,-.- da t a   accu ra t e ly   desc r ibe   t he  LM s p a c e c r a f t   s i n c e  no  assumptions 

weye a p l o y e d .  The systems l i s t e d  should  be  reasonably  equivalent  to 

a corresponding SST system e x c e p t   f o r   t h e   o p t i c a l   s y s t s m  which will be 

more  complex or; th.e SSV. 

The LM da ta   can   be   a r r anged   i n  a form  compatible  with a data   bus 

opera t ion  by c l a s s i fy ing   each   i n t e r sys t em  s igna l   a s   be ing   e i the r  MODE, 

IhPuT, OUTPUT, o r  STATUS a s   o u t l i n e d   i n   t h e   t e x t  of t h i s   r e p o r t .  

Note t h a t   h e r e   t h e  MODE data  w i l l  n o t   i n c l u d e   t h e   f l a g   d i s c r e t e s  and 

t h a t   s t a t u s   d i s c r e t e s  were included  by  ass igning  an  appropriate  number 



of 16 b i t  words t o   t h e  STATUS d a t a ,  If a l l  system s i g n a l s   a r e  

assumed routed  through  the  computer ,   the   requirements   of  a LM d a t a  bus 
would be a s   p r e s e n t e d   i n   F i g u r e s  A-I and A-2. The quan t i ty   o f   s igna l s  

f r o m   e a c h   s y s t e m a d   t h e i r   o r i g i n   o r   d e s t i n a t i o n   a r e   n o t e d   a l o n g  a row. 

For  example,  the LM o p t i c a l  system would r e q u i r e  3 d a t a  words; 1 MODE 
word and 2 OUTPUT words.  These d a t a  would be t r a n s f e r r e d   t o   t h e  LGC 

f o r   s t o r a g e   a s  1 MODE word and 2 INPUT words. The remaining systems 

a r e   s i m i l a r l y   t r e a t e d .  The quan t i ty   o f   s igna l s   i nvo lved  and t h e i r  

d i s t r i b u t i o n   a r e   c l e a r l y   n o t e d   i n   F i g u r e  A-2. A t o t a l   o f  377 words a r e  

t ransfer red   be tween  the  GN & C systems and t h e  computer. 62 of   these  

words  are  stored  within  the  computer.  70 of   these  words are   looped 

through  the  computer.  The remaining 245 words a r e  combined with 30 
computer generated words and t r a n s f e r r e d   t o   t h e   F l i g h t   C o n t r o l ,  

Instrumentat ion,  and  Communication  Systems.  (Note t h a t   t h e   u p l i n k  

and downlink  data  between  the Computer  and  Communication  System 

were not  included. ) 

The d i s t r i b u t i o n   o f   t h e s e   d a t a  words i s  s i g n i f i c a n t  and can  be  used a s  

a g u i d e   f o r  SSV u s e   a s   i n d i c a t e d  by the  fol lowing  examples .  The 
q u a n t l t y  o f  data  words  handled a t   t h e  computer i s  s p l i t  58% t o   t h e  

GN & C Systems  and 42% to   the   F l igh t   Cont ro l ,   Ins t rumenta t ion ,   and  

Communication  Systems. The d i s t r ibu t ion   suppor t s   a rgumen t s   fo r  

provid ing   independent   da ta   busses   for   the  GN & C System  and t h e  Command/ 

Display System on t h e  SSV. The d i s t r i b u t i o n   o f  GN & C System d a t a  

i s  25% computer  data  and 19% system t o  system data ,   whi le  56% of 

the   da t a  .is b a s i c a l l y   f o r   d i s p l a y  and  monitor   funct ions  within  the 

F l igh t   Cont ro l   and   Ins t rumenta t ion  Systems. These  percentages  correspond 

reasonably well t o   e s t i m a t e s   o f   t h e  SSV data   requirements   presented 

elsewhere i n   t h i s   r e p o r t .  



-COMPUTER- 
I SYSTEM/LGC ! SYST~/SYSTEM I SYSTEM/FLIGHT SYSTEM/ I SYSTEM/ I 

I CONTROLS 1 INSTRUMENTATION ! COMMUNICATION I 

- ~ " ~  
. _ .  
i LANDING RADAR 1-3-0-1 
! 2 -0-6-8 
I _  . - 
I" - 

kENDEZVOUS RADAR j 1-2-0-1 
i 2-2-19-7 . ! 

r -  
j :ClERTI AL L 1-9-8-4 
:'-15-23-7 ! 

. -  

i 

I 

ABORT GTJIDAKCE 1-0-0-0 
3-3-1 5-7 7 

b 
-F 

.. - 
[ REACTION CONTROL 1-0-16-1 
! 6-28-7-66 
1" 

f - "_ 
ROCKET PROPULSId . 1-0-7-1 
8-47 -20-64 

. .. 

I 

1-3-0-3 I 0-0-0-4 
! I 
I 

0-8 -0 -0 1-9-2-2 i 0-0-0-4 

i 
0-0-8-0 1-1 1-2-0 0-0-0-3 

(To AGS) 
0-0-3-0 ! 1-9-0-4 

?To RCS) 
1-0-6-1 

(To  Rocket) 
0-0-6-0 4-5-0-5 ' 0-0-0-59 
(From AGS) 

-.-___-- 

' 0-0-0-6 

I 
2-2-1 -6 

I 

3-6-32-3 ' 0-0-0-58 j 2-2-0-0 f (Total: 
16-61 -45-153) ! 

I 

(Tota l  : 
24-98-92-163) 1 3-9-16-2 !LGC Generated 2-16-8-1 1 1-0-0-1 ; 0-0-1 -0 

Tots: : (10-25-4'7-13)  (13-59-44-18) 4-0-0-129) (2-2-1 -6 ) 

NOTE: Q a n t i t y  of d a t a   w o r d s   l i s t e d   i n   f o l l o w i n g   o r d e r :  (MODE-INPUT-OUTPUT-STATUS) 

Figure A-1.- Quantity of da t a  words by type fo r  a LM data   bus .  



-COMPUTER- 
SYSTEM~GC SYSTEM/SYSTEM / SYSTEM/~IGHT I SYSTEM/ 

i” 
SYSTEM/ 

CONTROLS i INSTRUMENTATION COMIUNICATION 
OPTICAL I 

I i I i 
I 

I I i 
I I 

7 

4 4 14 

FACTION CONTROL I 18 16 
’ 

74 

4 

4 
i 

3 
i 

59 

..__ 

i 

INSTRUMENTATION 
1 i 1 I 130 

I I 
11 .. . . “ A  

i I 
8 44 58 4 1  Total:  2’75 

I 
i s t r i t x l t i o n  os  Sig- 
a l s  from G W C  Sys, 

LGC generated  s ignals  
Total   system  signals Tota l :  377 

Figure A-2 .- Quantity of data  words f o r  a LM data  bus 
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Table A-I. AOT/CCRD SIGNALS 

LGC 
mark reset 

mark x 
mark y 

mark r e j e c t  

Sub-total:  OT-OD-OA - ,$ 

C 

C 
C 

C 
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Table 

- CDU 

- LGC 

PANEL 

A-2. FtR SIGNALS 

(S igna l s  on CDU l i s t )  

Sub-total:  OT-OD-8A-OC 

range   ga te   s t robe  
r a n g e   r a t e   g a t e   s t r o b e  
reset s t r o b e  
d a t a  flow 
counter   readout  command 
d a t a  good 
power on/LGC mode 
range   low  sca le   fac tor  

Sub-total:  3T-ID-OA-hC 

t r a n s m i t t e r  power 
RR AGC 
s h a f t   e r r o r  
t r u n n i o n   e r r o r  
s h a f t   a x i s   d e s i g n a t e  
t runn ion   ax i s   des igna te  
FR s e l f   t e s t   e n a b l e  
trunnion  manual slew 
s h a f t  manual  slew 
+ supply/slew f a s t  
+ supply/slew  slow 
-supply/slew f a s t  
-supply/slew slow 
manual mode 
no t r a c k   s i g n a l  
mode s e l e c t  (manual/LGC) 
au to   ang le   t r ack   enab le  

Sub-total:  OT-OD-6A-11 C 

A 
A 
A 
A 
A 
A 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 



t 

Table A-2. RR SIGNALS (cont inued)  

D & C  

r a n g e   d i s p l a y   s h i f t   p u l s e s  (52.8KPPS) T 
d i sp l ay   t iming   pu l se s  T 
t ransponder  mode s e r i a l   r a n g e   d a t a  D 
r a n g e   r a t e  (PPS) D 
1 X  S i n   s h a f t  A 
1X Sin   t runnion  A 
LOS s h a f t   a n g l e   r a t e  A 
LOS t runn ion   ang le   r a t e  A 
dopp le r   ( r ange   r a t e  ) sense C 

Sub-total  : 2T-2D-4A-1 C 

- IS 
o p e r a t i o n a l  temp. 1 
o p e r a t i o n a l  temp. 2 
o p e r a t i o n a l  temp. 3 
n o   t r a c k   i n d i c a t i o n  

Sub-total  : OT-OD-3A-I C 

A 
A 
A 
C 
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Table 4-3. S C A   S I G N A L S  

- CDU 
t runn ion  CDU fine e r r o r  
s h a f t  CDU f i n e   e r r o r  
OG CDU f i n e  e r r o r  
MG CDU f i n e  e r r o r  
I G  CDU fins e r ro r  
I G  CDU c o a r s e   e r r o r  
MG CDU c o a r s e   e r r o r  
OG CDU c o a r s e   e r r o r  
s h a f t  CDU c o a r s e   e r r o r  
t runnion  CDU c o a r s e   e r r o r  
1'X S in  A I G  
1 X   C o s  AOG 
1 X  Sin AOG 
1'X C o s  AMG 
1 X  Sin AMG 
1X C o s   A I G  
1 X  S in   t runnion  
1 X  C o s  t runnion  
1 X S i n   s h a f t  
1 X   C o s  s h a f t  
OG AC DAC output  
MG  AC DAC output  
I G  AC DAC output  

Sub-total :  OT-OD-23A-OC 

PSA 
8OOHz 5% Phase A 
800Hz 5% Phase B 
800Hz 1% supply 
3.2KHa feedback 
I G  torque  motor  voltage 
MG torque  motor  voltage 
OG torque  motor v o l t a g e  
I G  torque  motor   current  
MG torque  motor   current  
OG torque  motor  current 
I G  servo amp t e s t  inpu t  
MG servo amp t e s t  inpu t  
OG servo amp t e s t  inpu t  
I R I G   I G  e r r o r  
I R I G  MG e r r o r  
I R I G  OG e r r o r  

A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 

T 
T 
T 
T 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
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Table A-3. SCA SIGNALS (continued) 

+D28 IMTJ opera te  
+D28 IMTJ standby 
800Hz P.S.  temp 

Sub-total:  4T-OD-12A-3C 

PIPA temp.  low 
PIPA temp,  high 
I R I G  temp.  low 
I R I G  temp. high 
IMU hea te r   o f f  
Heater  temp,  sensor 
IMIJ blower  off 

&b- to ta l  : OT-OD-OA-7C 

PTA 
X PIPA S/G output  
Y PIPA S/G output 
Z PIPA S/G output  
PIPA c a l .  mod. temp. 

Sub-total:  OT-3D-1 A-OC 

L a  
3.2KPPS 
Uplink  '1 
Uplink ' 0 '  
ACE b i a s   f o r  LGC l4V 
ACE b i a s   f o r  LGC 4V 

LGC temp. 
i n h i b i t  power f a i l  
LGC opera te  ' 

Sub-total:  IT-2D-3A-2C 

C 
C 
C 

D 
D 
D 
A 

A 
C 
C 
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Table A-4. CDU S I G N A L S  

SCA (Signals .  on SCA l i s t )  
Sub-total  : OT-OD-23A-OC 

800Hz 1% 
I G  c o a r s e   a l i g n   e r r o y  
MG c o a r s e   a l i g n   e r r o r  
OG c o a r s e   a l i g n   e r r o r  
I G  IX r e s o l v e r   s i g n a l  f o r  IMLT cage 
MG IX r e s o l v e r   s i g n a l   f o r  IMU cage 
OG IX r e s o l v e r   s i g n a l  f o r  IMU cage 
c o a r s e   a l i g n  command 
+D28 IMLT opera te  
IMU cage  override 
Sub-total:  IT-OD-6A-3C 

1X Sin  A I G  
3X Cos A I G  
?X Sin  AMG 
1X Cos AMG 
IX Sin  AOG 
l:X Cos AOG 
16X Sin AIG 
16X Cos A I G  
16X Sin  AMG 
16X C o s  AMG 
16X Sin AOG 
16X C o s  AOG 

Sub-total  : OT-OD-12A-OC 

1X S i n   s h a f t  
1X Cos s h a f t  
1X Sin   t runnion  
1X Cos t runnion  
16X S i n   s h a f t  
16X C o s  s h a f t  
16X Sin   t runnion  
16X C o s  t runnion  

Sub-total:  OT-OD-8A-OC 

T 
A 
A 
A 
A 
A 
A 
c 
C 
C 

A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 

All 
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Table A-4. CDU S I G N A L S  (cont inued)  

- LGC 

51.2 KPPS 
+A& I G  CDU d r i v e   p u l s e s  
-A@c I G  CDU d r i v e   p u l s e s  
+A& MG CDU d r i v e   p u l s e s  
-A& MG CDU d r i v e   p u l s e s  
+A& OG CDU d r i v e   p u l s e s  
-A& OG CDU d r i v e   p u l s e s  
+A& t runnion  CDU d r i v e   p u l s e s / + l a t e r a l   v e l o c i t y  
-A& trunni0.n CDU d r ive   pu l se s / - l a t e ra l   ve loc5 ty  
+A& s h a f t  CDU dr ive   pu lses /+forward   ve loc i ty  
-A& s h a f t  CDU dr ive   pu lses / - forward   ve loc i ty  
+ A @ t  t runnion  
- A @ t  t runnion  
+Act s h a f t  
-ABt s h a f t  
+Pi tch  ( A @ )  pulses  +Y 
-Pi tch (Af3g) pulses  -Y 
+Rol l  ( A $ g )  pulses  +Z 
-Roll ( A $  g) p u l s e s  -Z 
+Yaw (Apg) pulses +X 
-Yaw (A$,) pulses -X 
d i s p l a y   i n e r t i a l   d a t a  
ISS  coarse   a l ign   enable  
ISS CDU zero  
ISS e r ro r   ang le   coun te r   enab le  
FEl e r ro r   ang le   coun te r   enab le  
RR CDU zero  
IMU o p e r a t e   d i s c r e t e  
IMU CDU f a i l  
RR CDU f a i l  

Sub-total:  IT-20D-OA-9C 

PANEL 
s h a f t   a n g l e   e r r o r  command 
t runn ion   ang le   e r ro r  command 

Sub-total  : OT-OD-2 A-OC 

T 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
C 
C 
C 
C 
C 
C 
C 
C 
C 

A 
A 

A12 



Table A-4. CDU SIGNALS (cont inued)  
D & C  

forward v e l o c i t y  
l a t e r a l  
Ey p i t c h   e r r o r  ( I G  AC DAC output )  
Ez r o l l  e r r o r  (MG AC DAC ou tpu t )  
Ex yaw error (OG AC DAC ou tput )  

Sub- to ta l :  OT-OD-SA-OC 

AEA 
CDU !Aero 51.2KFTS 
+AQg I G  

+A@g MG 

+AQg OG 

-A@ I G  

-A@ MG 

-Wg OG 

Sub-total :  1T-6D-OA-OC 



Table A-5. PSA SIGNALS 

- S C A  (Signals   on SCA l i s t )  

Sub- to ta l  : 4T-OD-I  2A-3C 

- CDU (S igna l s  on CDU l i s t )  
Sub-total  : IT-OD-6 A-3C 

- IMU 

800 Hz 5% Phase A 
800 Hz 5% Phase B 
800 Hz 1% 
3.2K Hz PIPA and I R I G  ref .  
3 . 2 K  Hz feedback 
I G  e r r o r  
MG e r r o r  
OG e r r o r  
I G  torque  motor 
MG torque  motor 
OG torque  motor 
IMU temp. w i th in  limits 
+ D 2 8  IMU opera t e  
+ D 2 8  IMIJ standby 

Sub- to t a l  : 5T-OD-6 A-3C 

t D 2 8  IMU opera t e  
Pu l se   t o rque   P .S .   i nh ib i t  

Sub-total :  OT-OD-OA-2C 

LGC 
3.2. KPPS set 
3.2 KPPS reset  
800 PPS se t  
800 PPS reset  
25.6 KPPS sync 
ISS t u r n  on delay  complete 
ISS turn  on   de lay   reques t  
IMU temp. wi th in  limits 
IMU cage   d i sc re t e  
IMU f a i l  

Sub-total :  5T-OD-OA-5C 

T 
T 
T 
T 
T 
A 
A 
A 
A 
A 
A 
C 
C 
C 

C 
C 

T 
T 
T 
T 
T 
C 
C 
C 
C 
C 

A14 



Table A-5. PSA SIGNALS (cont inued)  

PANEL 

IMU standby 
IMU opera te  
IMU cage command 

Sub-total:  OT-OD-OA-3C 

DSKY 

pulse torque P.S. i n h i b i t  

Sub-total  : OT-OD-OA-I C 

C 
C 
C 

C 

I 



Table A - 6 .  IMU SIGNALS 

- SCA (Signals  on SCA l i s t )  
%b-total :  OT-OD-OA-7C 

a (S igna ls  on CDU l i s t )  

&b- to ta l  : OT-OD-12A-OC 

PSA ( s i g n a l s  on PSA l i s t )  

Sub-total  : 5T-OD-6A-3C 

PTA 
+Tx  PIPA 

+Ty PIPA 

+Tx PIPA 

+Tx I R I G  

+Ty I R I G  

+Tz I R I G  

X PIPA e r r o r  
Y PIPA e r r o r  
Z PIPA e r r o r  

Sub-total  : OT-I 5D-OA-OC 

-Tx PIPA 

-Ty PIPA 

-Tz PIPA 

-Tx I R I G  

-Ty I R I G  

-Tz I R I G  

D & C  

Sin AIG 
Cos AIG 
Sin AMG 
Cos AMG 
Sin AOG 
Cos AOG 

Sub-total  : OT-OD-6 A-OC 

D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 



Table A-7. P T A  SIGNALS 

SC'A (S igna l s  on SCA l i s t )  

Sub-total:  OT-3D-1 A-OC 

PSA (S igna l s  on PSA l i s t )  

Sub-total :  OT-OD-OA-2C 

(S igna l s  on ~m l is t )  

Sub-total :  OT-I 5D-OA-OC 

LGC 
PIPA in t e r roga te   pu l se  
PIPA switching  pulse  
PIPA da ta   pu l se  
12.8 KPPS P.S. sync 
Torque set  . 
Torque reset 
+A Bx 
-A& 
+AW 
-A* 
+ m z  
-AQZ 
-AVX 
+ nvx 
-AVy 
+AVy 

+AVz 
g y r o  torque  enable  

Sub-total :  6T-12D-OA-1 C 

-AV z 

T 
T 
T 
T 
T 
T 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
C 



Table A-8. LR SIGNALS 

r ange   ga t e   s t robe  
reset  s t r o b e  
XA v e l o c i t y   g a t e   s t r o b e  
YA v e l o c i t y   g a t e   s t r o b e  
Z A v e l o c i t y   g a t e   s t r o b e  
da ta   f l ow 
counter   readout  command 
range low s c a l e   f a c t o r  
v e l o c i t y   d a t a  good 
range   da ta  good 
an tenna   pos i t ion  #I i nd ica t ion   (descen t )  
an tenna   pos i t ion  #2 i nd ica t ion   (hove r )  

Sub-total :  5T-ID-OA-6C 

Trelccity t raasn i t ie r  power monitor 
range t r a n s i n i t t e r  power moni'cor 
l and ing   r ada r  self t es t  
antenna pos i t ion  ih command 
antenna   pos i t ion  #2 command 

Sub-total:  OT-OD-2A-3C 

T 
T 
T 
r 

D 
c 
C 
C 
C 
c 
i: 

cr 

A18 



Table A-8. LR SIGNALS (continued) 

operational temp. #I 
operational temp. #2 
operational temp. #3 
power  on  indication 
velocity data no good 
range data no good 
antenna  position #I indication 
antenna  position #2 indication 
Sub-total : OT-OD-3 A-5C 



Table A-9. L G C   S I G N A L S  

AOT/CCRD (S igna ls  on AOT/CCRD l i s t )  

Sub-total :  OT-OD-OA-LC 

(Signals   on SCA l i s t )  

Sub-total:  IT-2D-3A-2C 

(S igna ls  on CDU l i s t )  

Sub-total:  1T-20D-OA-9C 

PSA (S igna ls  on PSA l is t )  

Sub-total  : 5T-OD-OA-5C 

(S igna ls  on F T A  l i s t )  

Sub-total  : 6T-12D-OA-1 C 

- RR (S igna ls  on RR l i s t )  
Sub-total :  3T-ID-OA-4C 

- L R  (S igna ls  on L R  l i s t )  

Sub-total:  S T - I D - O A A C  

P ANEL 

+ r a t e  of descent  
- r a t e  of descent  
r a t e  of  descent  reset  
TTCA t r ans l a t ion   swi t ch   enab le  
TTCA t r a n s l a t i o n   s w i t c h   d i s a b l e  
yaw pulse command 
p i t c h  pulse command ( L P D  e l e v a t i o n )  
r o l l   p u l s e  command ( L P D  azimuth) 
descent   engine  overr ide  (gimbal  o f f )  

Sub-total:  OT-OD- OA-9C 

A20 



Table A9. L G C   S I G N A L S  (continued) 

TTCA 

+Z t r a n s l a t i o n  command 
-Z t r a n s l a t i o n  command 
+Y t r a n s l a t i o n  command 
-Y t r a n s l a t i o n  command 
+X t r a n s l a t i o n  command 
-X t r a n s l a t i o n  command 

Sub-total:  OT-OD-OA-6C 

DSKY 

800 Hz power sync 
OUT0 1 thru 15 
key  code 1 thru 5 
temperature   caut ion 
o p e r a t o r   e r r o r  
verb/noun f l a s h  
LGC warining 
k e y   r e l e a s e  
u p l i n k   a c t i v i t y  
RR lo t s   enab le   l ock -on  
s t a n d b y   l i g h t  
L R  p o s i t i o n  command 
r e s t a r t  
computer a c t i v i t y  
ISS warning 
c a u t i o n   l i g h t   r e s e t  
standby/proceed 
keyboard reset  
Sub-total:  lT-20D-OA-15C 

D & C  

a l t i t u d e   r a t e  
s t a g e   v e r i f i e d  
d i s p l a y   i n e r t i a l   d a t a  

Sub-total:  OT-ID-OA-2C 

T 
1 5 D  

5 D  
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

D 
C 
C 



Table A-9. L G C   S I G N A L S  (continued) 

S & C  

yaw r a t e  command 
p i t c h   r a t e  command 
roll r a t e  command 
i n c r e a s e   t h r o t t l e  
dec rease   t h ro t , t l e  
DAP i n   c o n t r o l  
i n   a u t o   t h r o t t l e  
o u t  of d e t e n t  
a t t i t u d e   h o l d  mode 
a u t o  mode 
au to   engine  on command (AE or DE) 
au to   engine   o f f  command (AE o r  D E )  
engine armed 
s t a r t   a b o r t   s t a g e  program 
s t a r t   a b o r t  program 
gimbal  off  

Sub-total:  OT-5D-OA-I 1 C 

DEC A 

ATC A 

roll gimbal trim 
pi tch   g imbal  trim 
a p p a r e n t   g i m b a l   f a i l  

a b - t o t a l  : OT-2D-OA-I C 

t h r u s t e r  commands I u ,  d ,  s, f, 
t h r u s t e r  commands I1 u, d,  s, f ,  
thruster commands I11 u, d,  s, f ,  
thruster commands IV u, d ,  s, f 

Sub-total:  OT-16D-OA-QC 

t h r u s t e r   f e i l  I u and f 
t h r u s t e r   f a i l  I d and s 
thruster f a i l  I1 d and f 
t h r u s t e r   f a i l  I1 u and s 
t h r u s t e r   f a i l  I11 d and f 
t h r u s t e r   f a i l  I11 u and s 
thruster f a i l  IV u and f 
t h r u s t e r   f a i l  IV d and s 

Sub-total :  OT-OD-OA-8C 

D 
D 
D 
D 
D 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

D 
D 
C 

4 D  
4 D  
rp 
4 D  

A22 



Table A-9. LGC SIGNALS (continued) 

- AEA 

AGS i n i t i a l i z a t i o n  (down link d a t a )  

Sub-total  : OT-OD-OA-1 C 

1.024 x 106 PPS c lock   ( sync   s igna l )  
b i t  sync pulse 
downlink  data 
downlink  stop 
downlink s t a r t  

Sub-total:  2T-ID-OA-2C 

- cs 
u p l i n k  I 0' 
u p l i n k  1' 

Sub-total:  OT-2D-OA-OC 

C 

D 
D 



Table 

- CDU 

- PSA 

- RR 

LR 

- LGC 

TTCA 

- ACA 

DSKY 

D & C  

S &  c 

DECA 

- D E  

- AF 

ATC A 

R C  S - 

A-1'3. PANEL SIGNALS* 

OT-OD-2A-OC 

OT-OD-OA-3C 

Crr-OD-6 A-I 1 C 

O T - O D - 2 A 3 C  

OT-OD-OA-9C 

OT-OD-3A-OC 

OT-OD-3 A-1 8 C  

OT-OD-OA-2C 

(not determined) 

OT-OD-OA-45C 

OT-OD-1  A-I  C 

OT-OD-OA-1OC 

OT-OD-OA-6C 

OT-OD-OA-4.C 

A24 



Table A-IO. PANEL S I G N A L S  (continued) 

- RGA 

OT-OD-3A-OC 

- A E A  
OT-OD-OAAC 

- IS 
(not determined) 

cs - 
(not  determined) 

*Signals  are  listed  on  specified  assemblies. 



Table A-1 1. TTCA 

LGC 
( S i g n a l s  on LGC l i s t )  

Sub-total:  OT-OD-OAAC 

PANEL 

Z t r a n s l a t i o n  command 
Y t r a n s l a t i o n  command 
X t r a n s l a t i o n  command 

Sub-total:  OT-OD-3A-OC 

A 
A 
A 



I 

Table A-1 2. ACA S I G N A L S  

PANEL 
pulse yaw a x i s  command 
pulse p i t c h   a x i s  command 
p u l s e   r o l l   a x i s  command 
thruster secondary   co i l  I u, d ,  s, f 
th rus t e r   s econda ry   co i l  I1 u, d,  ' s ,  f ,  
thruster secondary   co i l  I11 u, d,  s, f ,  
th rus t e r   s econda ry   co i l  IV u, d, s ,  f 
ACA 4 j e t  enable  
ACA 4 j e t  d i s a b l e  

Sub-total:  OT-OD-3A-18C 

S & C  

CDR yaw r a t e  command 
CDR p i t c h   r a t e  command 
CDR roll r a t e  command 
SE yaw r a t e  command 
SE p i t c h   r a t e  command 
SE r o l l   r a t e  command 
CDR out  of d e t e n t  
SE out  of d e t e n t  

Sub-total  : O T - O D 6  A-2C 

t h rus t e r   s econda ry   co i l s  I u, d,  s ,  f 
thruster secondary   co i l s  I1 u, d ,  s, f 
th rus t e r   s econda ry   co i l s  I11 u, d,  s ,  f 
thruster secondary   co i l s  IV u, d ,  s, f ,  

Sub-total:  OT-OD-OA-16C 

- cs 
CDR PTT switch 
SE PTT switch 

Sub-total:  OT-OD-OA-2C 

A 
A 
A 

4c 
4c 
4c 
4c 

C 
C 

4c 
4c 
4c 
4c 

C 
C 

u 7  

I - _. ." . . . .. . . . ... . . . . . . . . . . .... .... _ .  .. .. 



Table A-13. DSKY S I G N A L S  

PSA 
pulse   to rque  P.S. i n h i b i t  

Sub-total:  OT-OD-OA-IC 

LGC 
( S i g n a l s  on LGC l i s t )  

Sub-total  : IT-20D-OA-15C 

PANEL 

RFt au to   angle   t rack   enable  command 
L R  an tenna   pos i t ion  command 

Sub-total:  OT-OD-OA-2C 

- IS 
ISS warning 
LGC warning 

Sub-total:  OT-OD-OA-2C 

C 

C 
C 

C 
C 

. . .. - .  .. . - . . .. . . . ... . ."_.. ... " . ..... 



Table A-14. D & C. SIGNALS" 

OT-OD-5 A-OC 

OT-OD-6 A-OC 

2T-2D-4A-1 C 

OT-3D-2A-2C 

OT-ID-OA-2C 

(not  determined] 

O T - O D 6  A-I C 

OT-OD-OA-3C 

2T-2D-7A-OC 

(not  determined) 

(not  determined) 

+$Signals  are  listed  on  specified  assemblies. 



Table A-I 5. ATCA S I G N A L S  

LGC 
( S i g n a l s  on LGC l i s t )  

&b- to ta l :  OT-16D-OA-OC 

PANEL 
+ D 2 8  enable  12 j e t  
+ D 2 8  enable  4 j&  
X t r a n s l a t i o n / 2   t h r u s t e r  select 
deadband s e l e c t  

Sub-total:  OT-OD-OA-4C 

D & C  
yaw RGA s i g n a l  
p i t c h  RGA s i g n a l  
roll RGA s i g n a l  

Sub-total :  OT-OD-3A-OC 

S & C  

( S i g n a l s  on s & c l i s t )  
Sub-total:  ClT-OD-3A-13C 

DEC A 

(S igna ls  on DECA l i s t )  
Sub-total:  OT-OD-2A-OC 

RC S 

thruster primary commands I, u, d , s ,  f 
th rus t e r   p r imary  commands I1 u, d, s, f ,  
th rus t e r   p r imary  commands I11 u, d, s, f ,  
th rus t e r   p r imary  commands I V  u, d,  s, f 

Sub-total :  OT-OD-OA-16C 

C 
C 
C 
C 

A 
A 
A 

4c 
4c 
4c 
4c 



Table A-15. ATCA SIGNALS (continued) 

- RGA 
yaw r a t e   s i g n a l  
p i t c h   r a t e   s i g n a l  
r o l l   r a t e   s i g n a l  

Sub-total:  OT-OD-3A-OC 

yaw a t t i t u d e   e r r o r  
p i t c h   a t t i t u d e   e r r o r  
r o l l   a t t i t u d e   e r r o r  

Sub-total:  OT-OD-3A-OC 

- IS 
1600 PPS 
p i t c h   l o g i c   i n p u t   e r r o r  
roll l o g i c   i n p u t   e r r o r  
yaw l o g i c   i n p u t   e r r o r  
p i t c h   a t t i t u d e   e r r o r  
r o l l   a t t i t u d e   e r r o r  
yaw a t t i t u d e   e r r o r  
p i t c h  RG s i g n a l  
r o l l  RG s i g n a l  
yaw RG s i g n a l  
X t r a n s l a t i o n  command 
Y t r a n s l a t i o n  command 
Z t r a n s l a t i o n  command 
RGA spin  motor 
RGA spin  motor 
RGA spin  motor 
+ D l 5  supply 

+ D 4 . 3  supply 
-Dl 5 supply 

+D6 supply 
-x supply 
- D 4 . 7  primary 
-D4 .7  backup 

l i n e  A-B 
l i n e  B-C 
l i n e  C-A 

deadband s e l e c t  
+D28 enable  
thruster primary commands I u,   d ,  s ,  f ,  
th rus t e r   p r imary  commands I1 u ,   d ,  s, f ,  
thruster primary commands I11 u ,   d ,  s, f ,  
th rus t e r   p r imary  commands IV u ,   d ,  s, f ,  

Sub-total:  1T-3D-19A-18C 

A 
A 
A 

A 
A 
A 

T 
D 
D 
D 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
C 
C 

4c 
4c 
4c 
4c 



Table A-16. S & C S I G N A L S  

- LGC 
(S igna ls  on LGC l i s t )  

Sub-total:  OT-SD-OA-1 I C  

PANEL 
thruster secondary   co i l s  I u, d, s ,  f 
thruster secondary   co i l s  I1 u, d,  s ,  f 
t h r u s t e r   s e c o n d a r y   c o i l s  I11 u, d, s ,  f 
t h r u s t e r   s e c o n d a r y   c o i l s  N u, d,  s, f 
yaw pulse command 
p i t c h  pulse command 
r o l l  pulse command 
d i r e c t  yaw command 
d i r e c t   p i t c h  command 
d i r e c t   r o l l  command 
ACA 4 j e t  enable  
ACA 4 j e t  d i s a b l e  
s t a r t   a b o r t  program 
ACA ou t   o f   de t en t  
P N G S  mode control /auto 
P N G S  mode con t ro l / a t t i t ude   ho ld  
AGS mode control /auto 
AGS mode con t ro l / a t t i t ude   ho ld  

P N G S  i n  u s e / A C A  out  of de ten t   fo l lowup 
Z t r a n s l a t i o n  command 
Y t r a n s l a t i o n  command 
X t r a n s l a t i o n  command 
+ D 2 8  descent   engine  control  
+ D 2 8  engine arm 
+ D 2 8  engine f i r e  
e n g i n e   s t a r t  
engine  gimbal o f f  
deadband s e l e c t  
+ D 2 8  a b o r t   s t a g e  
X t r a n s l a t i o n / 2  j e t  
descent   engine  overr ide  (on)  
engine   s top  

a b - t o t a l :  OT-OD-OA-45C 

4c 
4c 
4c 
L C  

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 



Table A-16. S & C SIGNALS (cont inued)  

- ACA 
(S igna ls  on ACA l i s t )  
Sub-total  : OT-OD-6A-2C 

D & C  
Ex 

Ea 
Ex d i s p l a y  
Ey d i s p l a y  
Ez d i s p l a y  
s t a g e  verify s t a t u s  

Sub-total  : O T - O D 6  A-I C 

EY 

i n c r e a s e   t h r o t t l e  
d e c r e a s e   t h r o t t l e  
descen t   eng ine   t h rus t ing  
au to  thrust d i s a b l e  
analog trim mode 
manual  descent  engine  stop 
manual   descent   engine   s ta r t  
engine  gimbal  off  
auto  descent   engine on 
auto  descent   engine  off  
+ D 2 8  i n t e r l o c k  

Sub-total  : OT-2D-1  A-8C 

pre-valve power 
TAC power 
engine TAC au to  command 
engine TAC manual command 
SOV power/redundant  feed 
sov power/engine s t a r t  

Sub-total:  OT-OD-OAAC 

D 
D 
A 
C 
C 
C 
C 
C 
C 
C 
C 

A3 3 



Table A-16. S & C SIGNALS (cont inued)  

- AE 
solenoid  valve A 
solenoid  valve B 
ascent   engine  on command 

Sub-total  : OT-OD-OA-3C 

ATCA 
p i t c h   r a t e  command 
r o l l  r a t e  command 
yaw r a t e  command 
yaw mode c o n t r o l  
r o l l  mode c o n t r o l  
p i t c h  mode c o n t r o l  
+ D 2 8  enable  (DAP)  
pulsed yaw command 
pu l sed   p i t ch  command 
pulsed r o l l  command 
X t r a n s l a t i o n  command 
Y t r a n s l a t i o n  command 
Z t r a n s l a t i o n  command 
+ D 2 8  d e s c e n t   s t a r t   e n a b l e  
p i t c h / r o l l  2 t h r u s t e r   s e l e c t  
a scen t /descen t   s e l ec t  

Sub-total  : OT-OD-SA-13C 

C 
C 
C 

A 
A 
A 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

A 
A 
A 
A 
A 
A 
C 
C 
C 
C 

A34 



Table A-16. S & C S I G N A L S  (continued) 

- IS 
yaw pulse  direct 
pitch  pulse  direct 
roll pulse  direct 
ACA outoof  detent 
E N S  mode select/auto 
PGNS mode select/attitude hold 
AGS mode select/auto 
AGS mode select/attitude hold 
auto  engine  on  command 
auto  engine  off command 
abort  stage command 
a scent  engine on/off 
descent  engine on 
engine  fire  override 
Sub-total: OT-OD-OA-1LC 

- cs 
CDR umbilical 
SE umbilical 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

A 
A 

Sub-total: OT-OD-2A-OC 

A35 



Table A-17.  RCS SIGNALS 

LGC 

PANEL 

AC A - 

ATC A 

(Signals   on LGC l i s t )  

Sub-total:  OT-OD-OA-8C 

propel lan t   quant i ty / sys tem A 
p rope l lan t   quant i ty / sys tem B 

Typica l   for   sys tems A, B: 
ox main SOV open command (1 ) 
fue l  main SOV open command (1 ) 
ox main SOV c losed   i nd ica t ion  (1) 
fue l  main SOV c losed   i nd ica t ion   (1 )  

T y p i c a l   f o r  systems A, B and f e e d s   1 ,  2: 
ox feed  open command (1 ) 
f u e l   f e e d  open command (1 ) 
ox feed   c losed   i nd ica t ion   (1 )  
f u e l   f e e d   c l o s e d   i n d i c a t i o n  (1  

ox crossfeed  valve  open command 
fue l  crossfeed  valve  open command 
ox c ross feed   va lve   c losed   i nd ica t ion  
fuel  c ross feed   va lve   c losed   ind ica t ion  

T y p i c a l   f o r   v a l v e s  A ,  B and  quads I, I1 111, IV: 
ox i s o l a t i o n   v a l v e  open ( I )  
f u e l   i s o l a t i o n   v a l v e  open ( I )  
ox i s o l a t i o n   v a l v e   c l o s e  ( I )  
f u e l   i s o l a t i o n   v a l v e   c l o s e   ( I )  

Sub-total :  OT-OD-2AAOC 

( s i g n a l s  on ACA l i s t )  

Sub-total  OT-OD-OA-16C 

(Signals  on ATCA l i s t )  

Sub-total:  OT-OD-OA-16C 

A 
A 

2c 
2c 
2c 
2c 

4c 
4c 
4c 
4c 

C 
C 
C 
C 

8 C  
8 C  
8 C  
8 C  



I 

Table A-17. RCS SIGNALS (continued) 

- IS 
Typical for system A, B: 

He  regulator  pressure  output  monitor (1) 2A 
He  tank  pressure (1) 2A 
He tank  temp. (1) 2A 
ox manifold  pressure (1 ) 2A 
fuel manifold  pressure (1) 2A 
ox tank  temp. (I ) 2A 
fuel tank  temp. (I ) 2A 

Typical  for quad I,  11,  111, IV: 
quad cluster  temp. (1 ) 
u thrust  chamber  pressure (I) 
d thrust  chamber  pressure (1 
s thrust  chamber  pressure (1) 
f thrust  chamber  pressure (1) 

Typical  for  system A ,  B: 
fuel  primary  interconnect  valve  not  closed (1) 2C 
fuel  secondary  interconnect  valve  closed (1) 2c 
ox primary  interconnect  valve  not  closed (1) 2c 
ox secondary  interconnect  valve  not  closed (1) 2c 
fuel main SOV closed (1 ) 2c 
ox main SOV closed (1 ) 2c 

ox manifold  feed  not  closed 
fuel  manifold  feed  not  closed 

C 
C 

Typical  for  valves A,  B, and  quad I, 11,  111, IV: 
ox isolation  valve  closed  idication ( I )  8C 
fuel isolation  valve  closed  indication (1 ) 8C 

Sub-total : OT-OD-34A-30C 



Table A-18. DECA SIGNALS 

PANEL 

S U  

GD A 

- DE 

ATCA 

- AFA 

( S i g n a l s  on LGC l i s t )  

Sub-total  : OT-2D-OA-IC 

manual t h r o t t l e  command 
descent   engine arm 

Sub-total :  OT-OD-1A-IC 

(S igna ls  on s & c l is t )  

Sub-total :  OT-2D-1  A-8C 

p i t c h  GDA extend 
p i t c h  GDA r e t r a c t  
p i t c h  GDA p o s i t i o n   s i g n a l  
r o l l  GDA extend 
r o l l  GDA r e t r a c t  
r o l l  GDA p o s i t i o n   s i g n a l  

Sub-total:  QT-OD-6A-OC 

aut.0 t h r o t t l e  command 
manual t h r o t t l e  command 
descent   engine arm 
d e s c e n t   e n g i n e   s t a r t  

Sub-total :  OT-OD-OA-4C 

p i t c h  trim e r r o r  
roll trim e r r o r  

Sub-total  : OT-OD-2A-OC 

descent   engine on 

Sub-total  : OT-OD-OA-1 C 

A 
C 

A 
A 

C 



Table 18. DECA SIGNALS (cont inued)  

- IS 
f a i l   s i g n a l   e x c i t a t i o n  
roll GDA p o s i t i o n  
p i t c h  GDA p o s i t i o n  
descent   engine arm 
roll trim f a i l  
p i t c h  trim f a i l  
a u t o   t h r u s t  command 
manual t h r u s t  command 
roll GDA pos i t i on   r e t r ac t / ex tend  
p i t c h  GDA pos i t i on   r e t r ac t / ex tend  

Sub-total :  OT-OD-3A-7C 

A 
A 
A 
C 
C 
C 
C 
C 
C 
C 

A39 



Table A-I 9. GDA S I G N A L S  

DEC A - 
(Signals on DECA list) 
Sub-total  : OT-ODAA-OC 

A40  

I 



I 

Table A-20. D E  SIGNALS 

PANEL 

open  primary  helium  solenoid  valve 
close  primary  helium  solenoid  valve 
closed  pr imary  hel ium  solenoid  valve  inidicat ion 
open  secondary  helium  solenoid  valve 
close  secondary  helium  solenoid  valve 
closed  secondary  hel ium  solenoid  valve  indicat ion 
fuel  vent solenoid  valve 
fuel vent so l eno id   va lve .open   i nd ica t ion  
oxid izer   vent   so lenoid   va lve  
oxid izer   vent   so lenoid   va lve  open i n d i c a t i o n  

Sub-total:  OT-OD-OA-1OC 

Sub-total:  OT-OD-OA4C 

DEC A 
(S igna ls  on DECA l i s t )  
Sub-total:  OT-OD-OA-4.C 

- IS 
TAC  TLM pot  1 
TAC TLM pot  2 
t h r u s t  chamber pressure  
ox  temp. 1 
ox temp. 2 
fuel  temp. 1 
fue l  temp. 2 
He pressure   regula tor   ou t   mani fo ld  
ox pressure   t ank  #I u l l a g e  
fue l  pressure  tank #I u l l a g e  
He supply  tank  redundant 
pas 
ox p res su re   eng ine   i n t e r f ace  
f u e l   p r e s s u r e   e n g i n e   i n t e r f a c e  
pressure  ambient He p re -p res su re   bo t t l e  
pressure  He regulator   out   manifold  redundant  
pressure thrust chamber + D 2 8  
p r e s s u r e   t h r u s t  chamber d a t a  

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

A 
A 
A 
A 
A 
A 
A 

2A 
2A 
2A 
2A 
2A 
2A 
2A 
2 A  
2 A  
2A 

A 

A41 



Table A-20. DE  SIGNALS (continued) 

- IS (continued) 
Typical  valves A, B, C, D: 

valve closed (1 ) 
valve not closed (1) 
valve  open ( I  ) 
valve not open ( I  ) 

Sub-total: OT-OD-27A-16C 

A42 



Table A-21. AE SIGNALS 

PANEL 
l a t c h  He solenoid  valve 1 (primary) Dpen C 
l a t c h  H e  solenoid  valve 1 (pr imary)   c lose C 
l a t c h  H e  solenoid  valve 1 (pr imary)   c losed   ind ica t ion  C 
l a t c h  He solenoid  valve 2 (secondary)  open C 
l a t c h  He solenoid  valve 2 ( secondary)   c lose  C 
l a t c h  He solenoid  valve 2 ( secondary)   c losed   ind ica t ion  C 

Sub-total:  OT-OD-OAAC 

S &  c 
(S igna ls  on s & C l ist)  
Sub t o t a l :  OT-OD-OA-3C 

- IS 
ox temp. tank 
fuel  temp. tank 
regula tor   ou tput   mani fo ld   p ressure  
ox t ank  level  f low 
fuel  tank  level  f low 
p r e s s  ox i s o l a t i o n   v a l v e   i n l e t  
p r e s s   f u e l   i s o l a t i o n   v a l v e   i n l e t  
p r e s s  He supply  tank 1 
p r e s s  He supply  tank 2 
temp. He supply  tank 1 
temp. He supply  tank 2 
t h r u s t  chamber pressure  
redundant   mani fo ld   p ressure   regula tor   ou t  
ox t a n k   u l l a g e   p r e s s u r e  
fue l  t a n k   u l l a g e   p r e s s u r e  
He pr imary  solenoid  valve  c losed 
He seconc3ary solenoid  valve  c losed 

A 
A 

2A 
2A 
2A 

A 
fi 

2A 
2A 
2 A  
2A 

A 
2A 
2A 
2A 

C 
C 

T y p i c a l   f o r  systems A, B and i s o l a t i o n ,   p r o p e l l a n t   v a l v e s :  
va lve  open ( I  ) 4c 
va lve   no t  open ( I )  4c 
valve   c losed  (1 ) 4c 
valve   no t   c losed  (1) 42 

Sub-total:  OT-OD-25A-18C 

A 4 3  



Table A-22, DEDA SIGNALS 

- AEA 
DEDA s h i f t  pulses 
s h i f t  4 b i t s  out 
s h i f t  4 b i t s   i n  
DEDA clock 
DEDA addres s   da t a  
DEDA d a t a  
DEDA e n t e r  
DEDA readout  
DED A hold 
DEDA c l e a r  

&b-total :  4T-2D-OA-LC 

T 
T 
T 
T 
D 
D 
C 
C 
C 
C 

A44 



Table A-23. RGA SIGNALS 

PANEL 
r o l l  RG torque  tes t  
p i t c h  RG torque  test 
yaw RG torque  test 

Sub-total :  OT-OD-SA-OC 

ATC A - 
(S igna l s  on ATCA l i s t )  

Sub-total :  OT-OD-3A-OC 

A45 

A 
A 
A 



Table A-2.4.  ASA SIGNALS 

- AFJA 
128 KKPS 
n vx 
AVY 
AV z 

Sub-total  : ITAD-OA-OC 

- IS 
+D28 
+ D l  2 
ASA temp. 
29 vrms 4OOHz 

Sub-total:  OT-OD-4A-OC 

A46 



Table A-25. AEA S I G N A L S  

- CDU 
(S igna ls  on CDU l i s t )  
Sub-total:  1T-6D-OA-OC 

L S  
(Signals   on LGC l i s t )  

Sub-total  : OT-OD-OA-1 C 

PANEL 
standby 
+D28 enable  
s t a r t   a b o r t   s t a g e  program 
s t a r t   a b o r t  program 
automatic 
ENS i n  u s e / A C A  ou t   o f   de t en t  followup 

Sub-total:  OT-OD-OA4C 

D & C  
a l t i t u d e   s h i f t  pulse 
a l t i t u d e   r a t e   s h i f t  pulse 
a l t i t u d e   d a t a  
a l t i t u d e   r a t e   d a t a  
l a t e r a l   v e l o c i t y  
Sin a 

COS a 
Sin B 
cos B 
Sin a 
cos a 
Sub-total:  2T-2D-7A-OC 

S & C  
(S igna ls  on s & C l i s t )  

Sub-total  : O T - O D 4  A-4C 

DECA 
(S igna ls  on DECA l i s t )  

T 
T 
D 
D 
A 

A 
A 
A 
A 
A 
A 

Ehb-total: OT-OD-OA-IC 

A47 



Table A-25. AEA SIGNALS (continued) 

- ATCA 
(S igna ls  on ATCA l i s t )  
Sub-total  : OT-OD-OA-3C 

- AS A 
(S igna ls  on ASA l i s t )  

Sub-total:  1T-6D-OA-OC 

DEDA 
(Signals   on DEDA l i s t )  

Sub-total  : 4.T-2D-OA-4.C 

- IS 
PGNS downlink  stcp pulse 
PGNS downlink b i t  sync pulses 
AGS downlink b i t  sync  pulses  
AGS downlink  stop pulse 
AGS downlink  data 
AEA t e s t  f a i l  

Sub-total  : LT-ID-OA-1 C 

A4 8 



Table A-26. IS SIGNALS* 

- RR OT-OD-3~-IC 

LR OT-OD-3A-5C 
L G  
- LGC  2T-1D-OA-2C 

PANEL (not determined) 

DSKY OT-OD-OA-2C 

D & C (not determined) 

S & C  OT-OD-OA-14C 

OT-OD-3A-7C 

- DE OT-OD-27A-16C 

- AE OT-OD-25A-18C 

ATCA lT-3D-19A-   18C 

- RCS  OT-OD-34A-30C 

- A S A  OT-OD-4A-OC 

- A E A  4T- lD-OA-lC 

- cs (not determined) 

“Signals are listed on  pecified assemblies. 

A49 



Table A-27. CS SIGNALS* 

L S  OT-2D-OA-OC 

PANEL (not  determined) 

ACA OT-OD-OA-2C 

D & C (not  determined) 

S & C OT-OD-2A-OC 

- IS (not  determined) 

*Signals  are  listed on s pecified  assemblies. 



Table A-28. SSV SYSTEMS 

SSV SYSTEM 

Opt ica l  System 

Rendezvous  Radar 

I n e r t i a l  System 

Navigation  Radar 

G N & C Data  Processor 

F l igh t   Cont ro l  System 

Reaction  Control  System 

Rocket  Propulsion  System 

Abort  Guidance  SystemK 

Instrumentation SystemW 

Communication** 

AND EQUIVALENT LM ASSEMBLIES 

LM  ASSEMBLY (or system) 

AOT/CCRD 

RR 

SCA, CDU, PSA, IN, FTA 

LR 

LGC 

PANEL, TTCA, ACA, DSKY, D & C 

ATCA, S & C ,  RCS 

DECA, GDA, DE, AE, P@S 

DEDA, RGA, ASA, AEA 

IS  

cs 

*No equivalent  SSV system 

!t36Not a p a r t  of  G N & C system 



TABLE A-29 .- LM INTERSYSTEM SIGNALS 

NAVI- 
CATION C O M M I "  INSTRU- ABORT ROCKET REACTION FIICHT m a -  

SYSTPI OPTIC,& vous RADAR INERTIAL 

0-04-4 0-0-0-4 Optical 

TOTAL  SIGNALS ICATION MENTATION CUIDANCZ PROPULSION CONTROL  CONTROL COMmpTER RADAR 

Rendezvous 
Radar 0-0-8-0 5-3-21-17 0-0-3-1 2-2-10-12 3-1-04 - / 

Inertial. 14-40-24-21 1-6-0-0 0-0-13-4 13-34+'-17 x 0-0-8-0 

Radar 
Navigation 

Computer O-O+-& 3-1-0-4 

5-2852-211 0-0-0-2  1-21  -0-32 04-2-83 0-0-13-65  2-2-10-6  0-0-0-2* 0-3-4-5  0-0-13-4 2-2-10-12 Control 
Flight 

24-83-3-86 0-2-0-0 2-1-0-2  0-0-0-1  0-7-0-12  0-16-0-8 1-21-0-32 x 5-1-04 13-34-3-17 

Reaction 
Control 0-16-0-8  0-0-2-83 04-5-11 0-0-6-0 1-3-53-&3 1-19-66-1 52 
Rocket 
Propulsion 0-7-0-12  0-0-13-65  0-0-5-13 0-0-6-5 04-55-55  0-0-0-2 0-7-89-152 
Abort 
Guidance 1-64-0 0-0-0-1  2-2-10-6 0-0-6-0 0-0-6-5 4-1 -4-1 7-9-26-13 

mentation 
Instm- 

C o m i c a t i o n  0-2-0-0  0-0-0-2*  0-0-0-2 * 0-2-0-4 

Total  Signals 

5-1-0-6 5-4-7-16 0-0-3-5 0-3-4-5 

0-0-3-1 7-5-118-114 4-1-4-1 ; P X  0-0-55-55 1-3-53-48 0-0-0-2'  2-1-0-2 04-3-5 

E?Y m e  O-O-CI-,$ 68-200-405-790**  0-2-0-4  7-5-118-114  7-9-26-13  0-7-89-152 1-19-66-152  5-28-52-211  24433-3-86  5-4-7-16 14-40-24-21 5-3-21-17 

Total  Signals 
By e a n t i t y  1464** 6 24.4 55 248 238 2% 196 32 99 46 4 

NOTES: Signal entr ies   in  following order (Timing-Digital-halog-Control Discretes) 
Includes  only G N & C assembly signals. 

** Note that each signal  has been counted twice in  these  totals. 



APPENDIX B 
A Probabilistic  Analysis  of  Error  Control  Techniques 

Many  error  control  techniques  have  been  proposed,  employed  and  described  in 
the  literature.  Selection  of a particular  technique is a  difficult  task 
that  involves  many  complex  considerations.  The  lack  of a common  performanze 
mea,sure  and the  limited  perspective  of  each  reported  technique  contribute 
to  the t a s k  difficulty.  The  probabilistic  analysis  reported  in  this 
Appendix  alleviates  these  difficulties  and  offers a convenient  basis for 
evaluation  of  the  effectiveness  of  error  control  techniques. 

The  motiva!tion for employing  error  control is to  increase  the  outputted  data 
reliability  from  that  achievable  with  the  basic  channel  error  rate. A 

rational  criteria for selecting a particular  technique  would  be  to  obtain 
the  highest  reliable  information  rate  that  involves  the  least  equipment 
complexity. It is difficult  to  assign R common  measure  to  equipment 
complexity  since it is  dependent  on  available  devices,  their  reliability, 
and  the  designers  ingenuity.  However, a standard  measure  of  effectiveness 
can  be  devised  to  allow  judicious  decisions  between  techniques. 

An acceptable  measure  of  effectiveness  would  certainly  have  to  include,  the 
quantity  of  information,  the  reliability  of  the  information,  and  the  total 
data  transmission  time.  These  factors  suggest a figure  of  merit  termed  the 
reliable  information  rate  that is defined  as 

(number  of  correct  information  bits)  (probability  of  outputting 
h F =  - ~ ~~ 

__ ~ " "" correct  information) 
total  data  transmission  time. 

This  measure  will  be  determined  from  a  probabilistic  approach for the  following 
error  control  techniques: 

1. Majority  vote  of  independent  channels 
2. Majority  vote  of  redundant  transmissions 

si 



3 .  Error Detection  Coding 
4.  Error  Correction  Coding 
5. Error Detection  Coding/Retransmission 
6. Data  Feedback 

To  maintain  perspective  on  the  effectiveness  of  these  techniques,  the 
reliable  information  rate of  direct  data  transmission $11 be  used as a 
reference. 

Probabilistic  Approach 

There  are  only  three  possibilities for received and processed  data  with  the 
techniques  under  consideration: 

0 correct  information  is  outputted - PC 

0 incorrect  information  is  outputted - P 

0 information is rejected. - PR 
I 

These  probabilities  are  determin2d  by  the  following  channsl  and  processing 
characteristics: 

0 channel  error  probability - Pe 

0 channel  error  pattern  statistics - P(e,n) 
0 error  detection  probability - P 

0 error  correction  probability - P =P 

0 data  block  length - n=m+k 
0 information  bits  per  block - m 
0 coding  bits  per  block - k 
0 number  of block transmissions - t 

d 

c c/d”d 

B2 



The p r o b a b i l i s t i c   r e l a t i o n s  will be de termined   for  a Gaussian  channel  where b i t  

e r r o r s   a r e   i n d e p e n d e n t   a n d   t h e   p r o b a b i l i t y   o f  e o r  more e r r o r s   i n   b l o c k  

l e n g t h  n .is given by 

For  small  zPe, 

P(o ,n)  a I + P  

P ( e , n )  w nPe. 

e 

Direc t  Data  Transmission 

I n   d i r e c t   d a t a   t r a n s m i s s i o n ,  m b i t s   a re   t ransmi t ted   th rough  the   channel .  

S ince   t he re  i s  no process ing ,   the  m b i t s   a r e   s i m p l y   o u t p u t t e d   e i t h e r  

c o r r e c t   o r   i n c o r r e c t   d e p e n d e n t  on the  occurrence  of  b i t  e r r o r s .  The 

p r o b a b i l i t y  t ree  of   Figure B-1 i l l u s t r a t e s   t h e   p r o c e s s .  The p r o b a b i l i t i e s  

a r e   r e a d i l y   o b t a i n e d  and eva lua ted   for   the   Gauss ian   channel .  

P = P(o,m) I - ~ P  

pI = P(e,m) = l-P(o,m) MP 

C e 

e 

P = o  R 



Majority  Vote of In2,ependent  Chancels 

I n   t h i s   t e c h n i q u e ,  m b i t s   a r e   s i m u l t a n e o u s l y   t r a n s m i t t e d   t h r o u g h  a nilmber 

of independent  channels. The rece ived  b i t s  a r e  compared wi th  a m a j o r i t y  

rule  p r i o r   t o   o u t p u t .   F o r  3 c h a n n e l s ,   t h e   e f f e c t i v e   o u t p u t t e d   b i t   e r r o r  

r a t e  will be 

For  an odd number of   channels ,   there   can be  no i n d e c i s i o n   a s   i l l u s t r a t e d  

i n   F i g u r e  B-2. Hence, t he   Gauss i an   channe l   p robsb i l i t i t e s   a r e  

PC = P(o,m) M 1-3mPe 2 

P = P(e,m) = l-P(o,m) 

P = o  

z 
I 

R 
and 

F = mP(o.m)= 
mT T .  

This   t echnique   func t ions   to   reduce   the   channel  b i t  e r ro r   r a t e   w i th   subsequen t  

r e d u c t i o n   i n   o u t p u t t i n g   i n c o r r e c t   i n f o r m a t i o n .  An improvement, f a c t o r   o f  

3P i s  r e a l i z e d  f o r  th ree   channels  compared t o  d i r ec t   da t a   t r ansmiss ion .  e 

Majority  Vote O f  Redunm2ant 'Trazsmissions 

This   technique  achieves  inJependent  b i t  e r r o r s  by redundan t ly   t r ansmi t t i ng  

t h e  m b i t s   t h r o u g h  a s ing le   channel .  The r ece ived   b i t s   a r e   s to red   an3   t hen  

processed  with a m a j o r i t y   r u l e   p r i o r   t o   o u t p u t .  The r e s u l t a n t   p r o b a b i l i t i e s  

a re   ident ica l   to   those   ob ta ined   f rom  indepen3ent   channels  when t h e  number 

of   channels   equals   the n-jmber of  redundant  transmissions.  Hence, f o r  3 
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t ransmissions 

P = P(o,m) x 1-3mPe 2 

pI.=  P(e,m> x We 
C 

2 

PR = 0 

and 
m P(o,m) ( 1 -3mpe2 ) 

F =  3mT 
"- 

3T . 
Redundan t   t r ansmiss ions   a l so   func t ions   t o   r educe   t he   chanoe l   b i t   e r ro r  

r a t e .  The improvement i s  obtained by a cor responding   reduct ion   in   th roughput  

r a t e .  

Error   Detect ion CodinP 

m d a t a   b i t s   a r e  encoded  with  the  inser t ion  of  k check b i t s   t o  form a coded 

block of l eng th   n .  The n b i t s   a re   passed   th rough  the   channel  and decoded. 

The decoding   po l icy   re jec ts   the   da ta   b lock  when o r ro r s  are   detected  and 

ou tpu t s   t he   da t a  when no e r r o r s   a r e   d e t e c t e d  a s  i l l u s t r a t e d   i n   F i g u r e  B-3. 
L e t t i n g  Pd b e   t h e   p r o b a b i l i t y   o f   d e t e c t i n g   a l l   e r r o r   p a t t e r n s   o f  e or 

less e r r o r s   i n  a b lock   length   n ,  

P = P ( o , n ) a a  1 - n ~ ~  

pI = P(e ,n) ( I -P  ) x ( l -Pd)  d 

P R = P(e,n)  *pd x npe0pd 

C 

and 
m P ( o , n >  ('-ope) F =  

nT x (l+k/m)T. 

The t echn ique   p rov ides   n l  improvement i n   o u t p u t t i n g   c o r r e c t   i n f o r m a t i o n .  

Ins tead ,  a r educ t ion   i n   i nco r rec t   ou tpu t   i n fo rma t ion  i s  obta ined   by   re jec t ing  

the   da ta   b lock .  



Error   Correct ion Codinr: 

Encoding  the m d a t a  b i t s  wi th   an   e r ror   cor rec t ing   code   of  k check b i t s  

would be  an  improvement compared t o   e r r o r   d e t e c t i o n   c o d i n g .  The rece ived  

n b i t s   a r e  decoded  with a p o l i c y   t h a t   1 )   c o r r e c t l y   o u t p u t s   t h o s e   d a t a  

whose e r r o r s   a r e   w i t h i n   t h e   c o d e   c a p a b i l i t y   t o   d e t e c t  an:! c o r r e c t ,  2)  r e j e c t s  

those   da ta   wi th   de tec tab le   bu t   unr :or rec tab le   e r rors ,   o r  3) i n c o r r e c t l y  

outputs   those   da ta   wi th   uncze tec tab le   e r rors .  The p o l i c y  i s  shown 'I.n 

Figure B-4 where P i s  as   p rev ious ly   def ined  and P i s  t h e   c o n b l i t i o n a l  d c/d 
probabi l i ty   o f   cor rec t ing   e r rors   tha t   heve   been   de tec ted   f rom  which  
p = pc/d.Pd. The d e s i r e d   p r o b a b i l i t i e s   a r e   e x p r e s s e d   a s  

C 

pC = P(o,n) + P(e,n)*Pd.P I - ~ P ~ ( I - P ~ )  
c/d 

pI = P(e,n)(I-Pd)  x n? e ( I - P ~ )  

pR = P(e ,n ; -P  (I-P ) a nPe(P -P ) d c/d d c  

and 1 -we (1 -PC) 

F =  (l+k/m)T 

The improvement, i s  r e a l i z e d  by c o r r e c t i n g  a f r a c t i o n   o f   t h e   d a t a   t h a t  

would have  been  rejected.  The s i g n i f i c a n a e   o f   t h e  improvement  compared t o  

d i r e c t   d a t a   t r a n s m i s s i o n  i s  ent i re ly   dependent  on  tahe  code. I n   f a c t ,  

improvement beyon:-? d i r ec t   da t a   t r ansmiss ion  i s  r e a l i z e d   o n l y  when P >k/n. 

Otherwise,   the  increased  errors  due  to  code  redundancy will exceed   the   e r ror  

co r rec t ion   capab i l i t y   o f   t he   code .  

C 

Error  Detection  Codina/Retransmission 

The use   o f   an   e r ror   de tec t ion   code   wi th   cor rec t ion  by r e t r ansmiss ion   o f f e r s  

more improvement than   ob ta inable   f rom  e r ror   cor rec t ion   coding .  The e r r o r  
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detect ion  coding would  be i d e n i i c a l t o   t h a t   p r e v i o u s l y   d e s c r i b e d   w i t h  

the   decod ing   po l i cy   a l t e r ed   t o   r eques t  a block  re t ransmission  instead  of  

r e j e c t i o n   a s  shown i n   F i g u r e  B-5. 

The p r o b a b i l i t i e s   f o r   a n y   s i n g l e   t r a n s m i s s i o n i r e   i d e n t i c a l   t o   t h o s e   f o r  

e r ro r   de t ec t ion   cod ing ,  

PC (I-P ) n ~  I-nFe e 
1 

The p r o b a b i l i t y  of exac t ly  t t ransmiss ions  i s  

which dec reases   ve ry   r ap id ly   fo r   sma l l  nPePd.  The d e s i r e d   p r o b a b i l i t i e s  

f o r  t transmissions  can he shown t o   b e ,  

Subs t i t u t ion  of t h e  primed q u a n t i t i e s   y i e l d s  

I 



The  retransmissions  provide  improvement by inzreasing  the  probability  of 
a correct  output  while  decreasing  the  probability  of  an  inzorrect  output, 
The  improvement,  can be substantial  as  demonstrated  below. A conservative 
bound  on  t.he  probability  of  detecting  an  error  given  that  an  error  has 
occurred in a block  code  with  k  parity  checks,  would  be 

P > 1-2-k. d -  
Since  nP <<I, PC(t)  would  rapidly  converge to e 

1 -nPe 
1-nPePd . PC w 

With  substitution  of  the  bounded  expression  an3  algebraic  manipulatcon, 
1 PC a 

I+nPe2 -k . 
Employing  the  identity = I-X-X -X , 2 3  

1 +x 
PC w 1-nPe*2 . -k 

The  bounded  probability  of  an  incorrect  output  can  be  similarly  obtained  as 

PI M nFe*2 , -k 

Thus,  retransmission  cffers  an  improvement  relative  to a direct  transmission 
by a factor of (l+k/m)2-k for an  error  detecting  block  code.  For a block 
length of 300  brts,  including 30 check  bits,  and a Pe = w 5 ,  PI w 3x10 
for  retransmission  as  opposed  to 3X10-3 for  direct  transmission, 

-1 2 

It  should  be  ncted  that  the  throughput  rate  can  be  maximized  by  proper 
selection .:If block  length  as a function of chant-el error  rate  and  the 
quantity  of  coding  bits.  The  reliable  information  rate is 
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Data  Feedback 

A comparison  between  the  received  data  b i t s  an3  corresponding  t ransmit ted 

da ta  bits c o n s t i t u t e s   a n   i d e a l   e r r o r   d e t e c t i o n  method tha t   can   be   approxi -  

mated  by  employing  data  feedback. The p rocess   cons i s t s   o f   a s s ign ing   t he  

m information b i t s  t o   s t o r a g e   a t   t h e   s o u r c e   a s   t h e y   a r e   i n s e r t e d   i n t o   t h e  

channel. The received  data  would be p l a c e d   i n   s t o r a g e   a t   t h e  receiver 

s t a t i o n  and then   r e tu rnzd   t h ru   t he   channe l   t o   t he   sou rce   s t a t ion .  The 

s t o r e d   b i t s   a r e  compared wi th   co r re spond ing   r e tu rned   b i t s  and e i t h e r   c a u s e s  

a re t ransmiss ion  1Jpon disagreement  of  one  or more b i t s , o r   s i g n a l s   t h e  

r e c e i v e r   t o   a c c e p t  i t s  s to red   da t a .  All er rors   in2 :ur red  on the  forward 

and  feedback  transmissions will be detected  except  when the  feedback 

t r ansmiss ion   e r ro r s   a r e   an   exac t  complement of   the  forward  t ransmission 

s r r o r s .  The c o n d i t i o n t l   p r o b a b i l i t y   o f   t h i s   e v e n t , ,   g i v e n   t h a t   e r r o r s  

occurred on bo th   t r ansmiss ions ,   fo r  a da ta   b lock   length  m i s  

The p r o b a b i l i t i e s   f o r   t h i s   p r o c e s s   c a n   b e  computed from  Figure B-6. For 

a s ing le   roun?   t r i p   t r ansmiss ion ,  

1 
PC = P (o,m) = ( I  -pe) = I -2mpe 2 2m 

I 1 1  
pR = l-pc-pR = Ll-(l-p e ) & J ( ~ - ~ - ~ Y  2mp e ( 1 - 2 - 9  

The p robab i l i t y   o f   exac t ly  t round t r i p   t r a n s m i s s i o n s  i s  

which  decreases very rap id ly .  The d e s i r e d   p r o b a b i l i t i e s   f o r  t t ransmiss ions  



P = P  't R R '  

After  substituting  the  primed  relations  for  small mPe and some  manipulation, 

(1-2mp  e  L1-12mp ( I - ~ - ~ ~ ) P J  
PC M e 

1 -2mPe (1 -2 -2m) 

(2mp  e )2-2m LI-i2mP (1-2-2m)1tA 
PI w e - 

1 -2mPe (1 -2 -2m) 

PR = 12mPe(l-2 -2m) it 

For a block  length of 300 bits  and Pe=18, P,+X10-183 for data  feedback 
compared  to w:3X10-12 for  retransmission and ,"3X13-3 for direct  data  transmission. 
The  example  illustrates  the  tremendous  data  reliability  realized  with  data 
feedback. For  the  same  example, P&Xl 0-3  for  feedback  and ~3x10-3 for 
the  retransmission  technique.  Thus,  the  prbability of only 1 transmission 
would  be 0.994 and 0.997 for  the  respective  techniques; an insignificant 
difference  compared  to  the  data  reliability. 

A comparison  of  either  the  exact  or  approximate  expressions for data  feedback 
with  corresponding  expressions for error  detection  coding/retransmission 
reveals  an  interesting  fact. All expressions  are  exactly  equivalent  for an 
error  detection  code  with 
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Pd = 1-2 and m=k. 

It can be concluded  that   data   feedback w i l l  provide  bet ter   performance  than 

a h igh ly   r edundan t   e r ro r   de t ec t ion   code   w i thou t   t he   need   fo r   encode r s  and 
decoders. The excellent  performance  coupled  with  elimination of encoders 

and d e c o d e r s   i n   a l l  bus i n t e r f a c e s   c l e a r l y   i n d i c a t e s   d a t a   f e e d b a c k   t o   b e  

a p r e f e r r e d   t e c h n i q u e   f o r   h i g h   r e l i a b i l i t y  on a Gaussian  channel. 

The r e l i a b l e   i n f o r m a t i o n   r a t e  i s  

mP,(t) (1-2mP )LI-l2mP  (1-2-2m)1t1 
F ( t )  = ~ 

e e 
2mtT ZTLI -2mp ( I  -2-2m) J 

e 

and  can  be  expanded t o   t h e   f o l l o w i n g  form f o r  2mP <<I, e 

(1 -2mP e 2-2m)L1-t2mP e (1 -2 -2m) t J 
F ( t )  x 

As i n   t he   p rev ious   ca se ,   t he  maximum throughput   ra te   wi l l   be   ob ta ined   by  

proper   choice   o f   da ta   b lock   length   for   the   par t icu lar   channel   e r ror   ra te .  
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Figure B-I . Direct  Data  Transmission  Probabilities 

Figure B-2. Probabilities for Majority  Vote of Independent  Channels  or 
Redundant  Transmissions 

I -r 

Figure B-3. Er ror  Detection  Coding  Probabilities 
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Figure B-4. Error Correction  Coding Probabilities 

Figure B-5. Error  Detection Coding/Retransmission Probabilities 

P(o,m) .P(o ,  

Figure B4. Data Feedback  Probabilities 


